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ABSTRACT 
A tidal bore is a compressive wave of tidal origin, propagating upstream as the tidal flow turns to 
rising. It might be observed when a macro-tidal flood flow enters a funnel shaped river mouth with 
shallow waters. The occurrence of tidal bores has a significant impact on the natural systems, the 
bore propagation being associated with intense sediment scouring and suspension of bed materials. 
The tidal bore of the Garonne River was extensively investigated in the Arcins channel in 2010, 
2012 and 2013, typically over one to two days. Herein new field measurements were repeated 
systematically at the same site on 29 August-1 September 2015 and on 27 October 2015. The nature 
of the observations was comprehensive, encompassing hydrodynamics and turbulence, 
sedimentology and transport. The aim of the study was to comprehend the temporal evolution of 
hydrodynamics and sediment processes in the Garonne River estuarine zone during a spring tide 
period. Instantaneous velocity measurements were performed continuously at high-frequency (200 
Hz) prior to, during and after each afternoon tidal bore. Instantaneous sediment concentration and 
suspended sediment flux data were derived from careful calibration of acoustic backscatter and 
checked against water sample concentration. Between 29 August and 1 September, the sediment 
material characteristics showed some temporal trend: (a) the bed material granulometry data 
showed a progressively broader grain size distribution associated with some increase in median 
sediment size; and (b) the apparent yield stress and effective viscosity of bed materials increased 
over the first four days of tidal bore occurrence. The tidal bore occurrence had a marked effect on 
the velocity and suspended sediment field, including a rapid flow deceleration and flow reversal 
during the bore passage. The turbulent Reynolds stress data indicated large shear stresses, together 
with large and rapid fluctuations, during the bore passage and the early flood tide. A turbulent event 
analysis was further conducted in the highly-unsteady rapidly-varied tidal bore flow. The suspended 
sediment concentration (SSC) data indicated a gradual increase in initial mean SSC estimate prior 
to the bore from 29 August to 1 September 2015, and very large SSCs during the passage of the 
tidal bore front and early flood tide. A comparison between suspended sediment flux data showed 
very significant suspended sediment flux on 29 August 2015, i.e. on the first day of tidal bore 
occurrence, with a decreasing magnitude over the next three days. The data suggested a two-stage 
bed scour process: at each tidal bore event, surface erosion occurred initially, in the form of 
stripping; the first stage was followed by delayed mass erosion, occurring about 5-15 minutes after 
the tidal bore. The sediment flux data yielded a mass transport of about 500 tonnes of sediments per 
second in the 70 m wide channel, in average for the first hour of flood tide. The present work 
culminates a 5-year research project at the same site, showing a progressive siltation of the channel, 
particularly during the last three years. 
 
Keywords: Tidal bores, Hydrodynamics, Mud rheology, Granulometry, Suspened sediment 
concentration, Suspended sediment load, Turbulent flux events, Turbulence, Sedimentary 
processes, Field measurements, Garonne River, channel siltation. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A 1- channel cross-section area (m2); 
 2- turbulent event amplitude; 
A1 initial channel cross-section area (m2) immediately prior to the tidal bore passage; 
A2 channel cross-section area (m2) immediately after to the tidal bore passage; 
Ampl ADV signal amplitude (counts); 
aw amplitude (m) of the first free-surface undulation; 
B 1- characteristic free-surface width (m) defined by Equation (4-3); 
 2- dimensionless constant (Eq. (6-4)); 
B' characteristic free-surface width (m) defined by Equation (4-4) 
B1 initial free-surface width (m) immediately prior to the tidal bore passage; 
B2 initial free-surface width (m) immediately after the tidal bore passage; 
d water depth (m); 
d1 initial water depth (m) immediately prior to the tidal bore passage; 
d2 conjugate water depth (m) immediately after the tidal bore passage; 
d10 first decile of grain size distribution (m); 
d50 median grain size (m); 
d90 ninth decile of grain size distribution (m); 
Fcutoff cutoff frequency (Hz); 
Fr Froude number; 
Fr1 tidal bore Froude number defined as: 
 
1
1
1
1
B
Ag
UVFr

  
fscan sampling frequency (Hz); 
g gravity acceleration (m/s2); 
K dimensionless constant (Eq. (6-4)); 
k dimensionless threshold (Eq. (6-1)); 
Lw wave length (m) of the first free-surface undulation; 
m 1- dimensionless exponent; 
 2- relative magnitude of turbulent event; 
P probability; 
Po porosity; 
q instantaneous turbulent flux; 
qs instantaneous advective suspended sediment flux per unit area (kg/m2/s) defined as: 
 xs VSSCq   
sq  variable interval time-averaged suspended sediment flux per unit area (kg/m
2/s); 
q' standard deviation of instantaneous flux; 
 vi 
SSC suspended sediment concentration (kg/m3); 
SSC' standard deviation of suspended sediment concentration (kg/m3); 
SSC variable interval time-averaged suspended sediment concentration (kg/m3); 
ssc instantaneous fluctuation (kg/m3) of suspended sediment concentration; 
s relative density of wet sediment; 
t time (s); 
T total duration (s) of the data set; 
Tbore time (s) of tidal bore passage at ADV sampling location; 
Tw period (s) of the first free-surface undulation; 
U tidal bore celerity (m/s) for an observer standing on the bank, positive upstream; 
V flow velocity (m/s) positive downstream; 
V1 initial cross-sectional averaged flow velocity (m/s) immediately prior to the tidal bore 
passage; 
V2 conjugate cross-sectional averaged flow velocity (m/s) immediately after the tidal bore 
passage; 
Vx instantaneous longitudinal velocity component (m/s); 
Vy instantaneous transverse velocity component (m/s); 
Vz instantaneous vertical velocity component (m/s); 
V variable interval time-averaged velocity (m/s) 
v instantaneous velocity fluctuation (m/s) : v = V - V ; 
vx instantaneous fluctuation (m/s) of Vx; 
vy instantaneous fluctuation (m/s) of Vy; 
vz instantaneous fluctuation (m/s) of Vz; 
vx' standard deviation (m/s) of Vx; 
vy' standard deviation (m/s) of Vy; 
vz' standard deviation (m/s) of Vz; 
x longitudinal distance (m) positive downstream; 
y transverse distance (m) positive towards the Arcins island; 
z vertical distance (m) positive upwards; 
 
A cross-section area difference (m2): A = A2 - A1; 
d water depth difference (m): d = d2 - d1; 
 effective viscosity (Pa.s); 
 water density (kg/m3); 
 1- shear stress (Pa); 
 2- turbulent event duration (s); 
ij Reynolds shear stress (Pa): ij = vivj where i,j = x,y,z; 
c apparent yield stress (Pa); 
Ø diameter (m); 
 vii 
 
Subscript 
x longitudinal direction positive downstream; 
y transverse direction positive towards the Arcins island; 
z vertical direction positive upwards; 
1 initial flow property immediately prior to the tidal bore passage; 
2 conjugate flow property immediately after the tidal bore passage; 
 
Abbreviations 
ADV acoustic Doppler velocimeter; 
C Celsius; 
fps frames per second; 
IGN Institut Géographique National; 
Nb number; 
OBS optical backscattering meter; 
PDF probability distribution function; 
SSC suspended sediment concentration; 
Std standard deviation; 
s second; 
VITA variable-interval time average. 
 
Notes 
All times are expressed in local times using the local time zone: e.g., during the field study, France's 
local time zone was (UTC + 2) in Aug/Sept 2015 and (UTC+1) on 26-27 October 2015. 
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1. INTRODUCTION 
1.1 PRESENTATION 
A tidal bore is a compressive wave of tidal origin, which propagates upstream as the tidal flow turns 
to rising. It might be observed when a macro-tidal flood tide enters a funnel shaped river mouth 
with shallow waters (STOKER 1957, TRICKER 1965) (Fig. 1-1 to 1-3). Figures 1-1 to 1-3 show 
tidal bores in three river. It is estimated worldwide that over 400 estuaries are affected by a tidal 
bore, on all continents but Antarctica (CHANSON 2011). The bore front is a hydrodynamic 
discontinuity in terms of the water depth and of the velocity and pressure fields (LIGHTHILL 
1978). 
The occurrence of tidal bores has a significant impact on the natural systems (CHEN et al. 1990, 
SIMPSON et al. 2004, WOLANSKI et al. 2004). Their impact on sedimentary processes was 
documented in the field and in laboratory (BARTSCH-WINKLER et al. 1985, FAAS 1995, 
TESSIER and TERWINDT 1994, KHEZRI and CHANSON 2012). It is understood that the bore 
propagation is associated with intense sediment scouring and suspension of bed materials (GREB 
and ARCHER 2007, KHEZRI and CHANSON 2015, FURGEROT et al. 2016) (Fig. 1-1A). The 
tidal bore passage may also contribute to channel shifting in flat and wide shallow-water systems 
(CHANSON 2011). The very early flood flow is characterised by very high suspended sediment 
concentrations (CHANSON et al. 2011, FURGEROT et al. 2013, FAN et al. 2014). In cohesive 
sediment river systems, the erosional processes are linked to the rheological properties of sediment 
deposits, and field observations suggest that the bore passage induces immediately some surface 
erosion followed by delayed bulk erosion (KEEVIL et al. 2015). 
 
 
(A) Tidal bore of the northern channel about Daquekou on 6 September 2013 - Note the black 
colour of the bore front - Bore propagation from bottom left to top right 
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(B, Right) Tidal bore at Yanguan on 7 September 2013 - The channel is about 2.8 km wide - Bore 
propagation from left to right 
(C, Left) Tidal bore at Qilimiao on 11 October 2014 - Qilimiao is about 4 km downstream of 
Yanguan - Bore propagation from left to right 
 
(D) Tidal bore reflection at Laoyanchang in 11 October 2014 - Bore reflected from right to left 
Fig. 1-1 - Tidal bore of the Qiantang River (China) 
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Fig. 1-2 - Undular tidal bore of the Dordogne River (France) at Port de Saint Pardon on 2 
September 2015 morning - Note the early morning fog in the background 
 
 
Fig. 1-3 - Tidal bore of the Garonne River (France) at Podensac on 1 September 2015 at sunrise - 
Podensac is about 26 km upstream of the Arcins channel 
 
1.2 STRUCTURE OF THE REPORT 
The tidal bore of the Garonne River was extensively investigated in the Arcins channel in 2010, 
2012 and 2013 with a focus on turbulent and suspended sediment characteristics and processes 
(CHANSON et al. 2011, REUNGOAT et al. 2014,2015, KEEVIL et al. 2015). Each of these studies 
was conducted over one to two days, providing a snapshot based upon a single bore event. In the 
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present study, field measurements were repeatedly conducted over a four-day period, and the 
comprehensive nature of the observations encompassed hydrodynamics and turbulence, 
sedimentology and transport. The aim of the project was to comprehend the temporal evolution of 
hydrodynamics and sediment processes in a tidal-bore affected estuary during a spring tide period. 
Herein new field measurements were repeated systematically at the same site in the Garonne River 
(France) on 29 August, 30 August, 31 August and 1 September 2015 and on 27 October 2015. 
Instantaneous velocity measurements were performed continuously at high-frequency (200 Hz) 
prior to, during and after each afternoon tidal bore. Instantaneous sediment concentration and 
suspended sediment flux data were derived from careful calibration of acoustic backscatter and 
checked against water sample concentration. These data were complemented by a careful 
characterisation of the sediment materials collected. Further data included some continuous 
measurement of water conductivity, pH and temperature. The investigation, instrumentation and 
methodology are described in section 2. The main results are presented in sections 3, 4, 5 and 6, 
including some comparison to past field observations. Appendix A lists the field work participants. 
Appendix B shows a number of photographs of the field study. Appendices C, D, and E regroup 
detailed characterisation of the sediment materials. Appendix F shows the bathymetric surveys of 
the Arcins channel. Appendices G and H present the velocity and turbulent Reynolds stresses data. 
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2. FIELD STUDY, INSTRUMENTATION AND METHODOLOGY 
2.1 FIELD INVESTIGATION AND SITE 
The field measurements were performed in the Arcins channel of the Garonne River (France), close 
to Lastrene, at the same site previously used by CHANSON et al. (2011), REUNGOAT et al. 
(2014,2015) and KEEVIL et al. (2015). The Arcins channel is located between the Arcins Island 
and the right bank of the Garonne River; it is 1.8 km long, 70 m wide and about 1.1 to 2.5 m deep at 
low tide (Fig. 2-1). Figure 2-1 shows photographs of the Arcins channel and further photographic 
materials are presented in Appendices A and B. Cross-sectional surveys were conducted on 29 
August, 30 August, 31 August, 1 September and 27 October 2015. Figure 2-2 presents the 
observations and the data are compared with the 2013 bathymetric survey data at the same location 
(1), with z being the vertical elevation in m NGF IGN69 (2). The full survey data sets are reported in 
Appendix F. In Figure 2-2B, the details of the ADV sampling volume location and surroundings are 
shown. 
The bathymetric data indicated a progressive siltation of the Arcins channel at the sampling site 
since the 2012 field studies, including further siltation along the right bank since the 2013 field 
study. 
 
  
(A, Left) Looking downstream on 28 August 2015 during the ebb tide about 12:30 (about 4 h before 
tidal bore) - The red arrow points towards the ADV location 
(B, Right) Looking upstream from the pontoon on 28 August 2015 during the ebb tide about 12:30 
Fig. 2-1 - Sampling site on the Garonne River between Arcins Island and Latresne on 28 August 
2015 
                                                 
1 The 2015 surveys were conducted at the same cross-section as for the 2010, 2012 and 2013 surveys. 
2 The NGF IGN69 Datum is 1.84 m above the datum of the Bordeaux tidal gauge. 
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(A) Surveyed (distorted) cross-sections on 29-30-31 August, 1 September and 27 October 2015 looking upstream (i.e. South) - Comparison with the 
2013 survey data at the same cross-section - Water levels immediately before and after bore front are shown as well as ADV control volume before 
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bore passage (black square) 
 
 
(B) Un-distorted dimensioned sketch of the ADV mounting, sampling volume location and water surface 2 minutes prior to the tidal bore on 29 
August 2015- Left: view from Arcins Island - Right: looking upstream (i.e. South) 
Fig. 2-2 - Surveyed cross-section of Arcins channel 
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Table 2-1 - Velocity field measurements in the tidal bore of the Garonne River, Arcins channel (France) 
 
Reference Date Tidal 
range 
(m) 
ADV system Sampling 
rate 
(Hz) 
Sampling 
duration 
Start 
time 
Tidal 
bore 
time 
End 
time 
ADV sampling volume 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
CHANSON et al. 
(2011) 
10/09/2010 6.03 Nortek Vector 64 2h 45 min 17:15 18:17 20:00 About 7 m from right bank waterline (at low tide), 
0.81 m below water surface. 
 11/09/2010 5.89 Nortek Vector 64 2h 20 min 18:00 18:59 20:10  
REUNGOAT et 
al. (2014) 
7/06/2012 5.68 Sontek microADV 50 2h 58 min 06:01 06:44 09:00 About 11.58 m from right bank waterline (at low 
tide), 1.03 m below water surface. 
  5.5 Visual observations N/A N/A N/A 18:47 N/A N/A. 
REUNGOAT et 
al. (2015) 
19/10/2013 6.09 Nortek Vectrino+ 200 4h 7 min 14:09 17:06 18:16 About 4.51 m from right bank waterline (at low 
tide), 0.98 m below water surface. 
Present study 28/08/2015 5.44 Visual observations N/A N/A N/A N/A (1) N/A N/A. 
 29/08/2015 5.85 Nortek Vectrino+ 200 3h 47 min 14:43 16:27 18:30 About 5.2 m from right bank waterline (at low 
 30/08/2015 6.17   4 h 15:05 17:15 19:05  tide), 1.0 m below water surface. Basically same 
 31/08/2015 6.22   3 h 16:36 18:02 19:36  location as on 19/10/2013. 
 1/09/2015 6.04   3 h 3 min 16:57 18:49 20:00  
 26/10/2015 6.15 Visual and sediment 
observations 
N/A N/A N/A 14:50 N/A N/A. 
 27/10/2015 6.32 Nortek Vectrino+ 200 2 h 44 min. 14:55 15:40 17:39  Same location as on 28/08/2015. 
 28/10/2015 6.30 Visual observations N/A N/A N/A 16:24 N/A N/A 
 
Notes: Tidal range: measured at Bordeaux; All times are expressed in local times using the local time zone: i.e., (UTC + 2) in August-September 2015 
and (UTC+1) on 26-27 October 2015; (1): no tidal bore observed at sampling site. 
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Although the tides are semi-diurnal, the tidal data in Bordeaux indicated slightly different periods 
and amplitudes typical of some diurnal inequality. Figure 2-3 presents the water elevation 
observations at Bordeaux and the data are compared with the water elevations recorded on-site prior 
to and shortly after the passage of the tidal bore between 29 August and 1 September 2015, and on 
27 October 2015. In Figure 2-3, the water elevations are reported in m NGF IGN69. 
Detailed field measurements were conducted under spring tide conditions between 29 August and 1 
September 2015, and on 27 October 2015, while additional observations were performed on 28 
August 2015, 26 October and 28 October 2015. The tidal range data are summarised in Table 2-1 
(column 3) where they compared to previous studies at the same site. All measurements were 
started prior to the passage of the tidal bore and ended after the bore passage. The start and end 
times of each study are shown in Table 2-1 (columns 7 & 9) and the time of passage of the tidal 
bore is indicated (Table 2-1, column 8). 
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(A) Between 21 August and 2 September 2015 
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(B) Between 27 and 30 October 2015 
Fig. 2-3 - Measured water elevations at Bordeaux (44°52'N, 0°33'W) (Data: Vigicrue, Ministère de 
l'Environnement et du Développement Durable) and observations in the Arcins channel in 2015 
 
2.2 INSTRUMENTATION 
The free surface elevations were measured manually using a survey staff, located about 2 m to the 
left of the ADV unit to minimise any interference with the ADV sampling volume (3). During the 
passage of the bore, the water level was recorded using a HD video camera SonyTM HDR PJ200E 
filming the staff at 25 frames per seconds (fps) for about 10-15 minutes. The water temperature, 
conductivity and pH were recorded about 0.2 m below the water surface. The water temperature 
was measured manually with a thermometer CheckTemp4 (Hanna instruments). The water 
conductivity was recorded with a conductivity meter Consort C931. The pH was sampled manually 
with pH paper and a waterproof pH meter pHTesttr2 (OAKTON Instruments). 
The instantaneous velocity was recorded with a NortekTM ADV Vectrino+ (10 MHz, serial number 
VNO1356, firmware version 1.31). The ADV unit was equipped with a down-looking head (ADV 
field) equipped with four receivers. The ADV unit was fixed beneath a hull of a heavy and sturdy 
pontoon (4). Mounted vertically, the emitter pointed downwards with the positive direction head 
towards downstream. Figure 2-2 shows the location of the ADV sampling volume in the surveyed 
                                                 
3 The location of the survey staff is shown in Figure 2-2B (Right). 
4 The pontoon goes up and down with the tide. 
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cross-section. The probe control volume was located beneath the hulls of the pontoon, about 1.0 m 
below the free-surface (Table 2-1, column 10; Fig. 2-2B). The ADV settings included a velocity 
range of 2.5 m/s, a transmit length of 0.3 mm and a sampling volume of 1.5 mm height, and a 
sampling rate of 200 Hz; the ADV power setting was High- on 29 August, 31 August, 1 September 
2015 and 27 October 2015, and Low on 30 August 2015. The power setting was selected after some 
preliminary test, to optimise the acoustic backscatter response of the ADV unit with the Garonne 
River sediment (Appendix E) (5). 
All the ADV data underwent a post-processing procedure to eliminate any erroneous and corrupted 
data. The post processing was conducted with the software WinADVTM version 2.030. It included 
the removal of communication errors, the removal of average signal to noise ratio (SNR) data less 
than 5 dB and the removal of average correlation values less than 60% following McLELLAND 
and NICHOLAS (2000). In addition the signal was despiked using the phase-space thresholding 
technique developed by GORING and NIKORA (2002) and implemented by WAHL (2003). The 
percentage of good samples ranged between 60 and 90% for the entire data sets (6). 
The channel cross-section was surveyed with a Theodolite n"64585 DGT10 CST/berger. Further 
observations were recorded with digital cameras PentaxTM K-3, SonyTM DSC HX200V (25 fps), and 
a number of digital cameras and video cameras. 
 
2.3 CHARACTERISATION OF THE SEDIMENT MATERIAL 
Some Garonne River bed material was collected with a shovel at low tide on 27, 29, 30 and 31 
August, 1 September and 27 October 2015 afternoons at the end of ebb tide, next to the pontoon on 
the right bank at Arcins. The soil sample consisted of soft mud and silty materials (7). A series of 
laboratory tests were conducted to characterise the bed material: i.e., the particle size distribution, 
rheometry and backscatter properties. Some water samples were also collected on 29, 30 and 31 
August, and 26 and 27 October 2015 prior to and shortly after the tidal bore about 0.2 m below the 
water surface. Both water samples and wet bed sediments were dried in an oven, set at 40 C, to 
measure the mass of dry sediments for each sample, and the density of dry material. Both bed and 
suspended sediment samples were tested for their granulometry using a MalvernTM laser 
Mastersizer 2000 equipped with a Hydro 3000SM dispersion unit for wet samples. Following 
REUNGOAT et al. (2014), the sediment sample was mixed mechanically. 
                                                 
5 REUNGOAT et al. (2015) used the same ADV unit with a power setting High. In that study the suspended 
sediment concentration (SSC) was estimated using an OBS unit (KEEVIL et al. 2015). 
6 Details are reported in Appendix G (Table G-1). 
7 The mud sample was soft and could be considered somehow as a form of mud cream. 
12 
The rheological properties of bed material samples were tested with two rheometers (Fig. 2-4). A 
number of tests were conducted using a rheometer Anton PaarTM Physica MR301 equipped with a 
plane-cone CP50-SB6055 ( = 50 mm, cone angle: 2°). The truncation gap was 207 m. Other 
tests were performed with a rheometer MalvernTM Kinexus Pro (Serial MAL1031375) equipped 
with a plane-cone ( = 40 mm, cone angle: 4°), with a gap truncation of 150 m. The truncation 
gap was selected to be more than 10 times the mean particle size. All tests were performed under 
controlled strain rate at constant temperature (25 C). Between the sample collection and the tests, 
the mud was left to consolidate. Prior to each rheological test, a small mud sample was placed 
carefully between the plate and cone. Each specimen was then subjected to a controlled strain rate 
loading and unloading between 0.01 s-1 and 1,000 s-1 with a continuous ramp in each direction 
(loading and unloading). Further details are reported in Appendix D. 
The calibration of the ADV unit was accomplished by measuring the ADV signal amplitude of 
known, artificially produced concentrations of material obtained from the bed, diluted in tap water 
and thoroughly mixed. The laboratory experiments were performed using the same NortekTM ADV 
Vectrino+ system with the same settings as for the field measurements. For each test, a known mass 
of wet sediment (8) was introduced in a water tank which was continuously stirred with two paint 
mixer (Fig. 2-5). The mixer speed was adjusted during the most turbid water tests to prevent any 
obvious sediment deposition on the tank bottom. The mass of wet sediment was measured with a 
Mettler™ Type PM200 (Serial 86.1.06.627.9.2) balance. The mass concentration was deduced from 
the measured mass of wet sediment and the measured water tank volume. The average ADV 
backscatter amplitude measurements represented the average signal strength of the four receivers, 
and it was measured in counts. The ADV signals were post-processed using the same method as the 
field data: i.e., with the removal of communication errors, average signal to noise ratio data less 
than 15 dB, average correlation values less than 60%, and signal spikes based upon the phase-space 
thresholding technique. The backscatter amplitude measurements were recorded for 60 s for each 
run. During these tests, the suspended sediment concentrations (SSCs) ranged from less than 0.01 
kg/m3 to more than 70 kg/m3. Further discussions on the effects of ADV settings are developed in 
Appendix E. 
 
                                                 
8 The density of wet sediments was 1.28. 
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Fig. 2-4 - Photographs of the rheometry tests - Left: Anton PaarTM Physica MR301 unit Right: 
MalvernTM Kinexus Pro unit 
 
2.4 REMARKS 
2.4.1 ADV synchronisation 
The water elevation measurements, ADV data and all other measurements were synchronised 
within a second. All cameras, digital video cameras and instruments were also synchronised 
together with the same reference time within a second. 
 
2.4.2 Data accuracy 
The accuracy on the ADV velocity measurements was 1% of the velocity range ( 2.5 m/s) (Nortek 
2009). The accuracy of the water elevation was 0.5 cm prior to the tidal bore and 1 cm during the 
tidal bore passage. 
The mass of dry and wet sediments was measured with an accuracy of less than 0.01 g. 
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(A) General view - From left to right: two water mixers and ADV unit (SSC = 0 kg/m3) 
 
(B) SSC = 29.14 kg/m3 
Fig. 2-5 - Photograph of the laboratory experiment with the ADV system (SSC versus signal 
amplitude calibration tests) 
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3. SEDIMENT CHARACTERISTICS AND SUSPENDED SEDIMENT 
CONCENTRATION ESTIMATES 
3.1 PRESENTATION 
Both bed sediment and suspended sediment materials were characterised by a series of laboratory 
experiments using the same methods. The dry sediment density was tested and the measurements 
yielded a relative density of 2.65. The relative density of wet sediment samples was s = 1.28 (App. 
C), from which a sample porosity of 0.84 was deduced. The particle size distribution data presented 
close results for all samples although they were collected over seven days at different locations and 
included both bed sediment and suspended sediment data (Table 3-1, Fig. 3-1). In Table 3-1, the 
present results are compared with the characteristics of sediment samples collected at the same site 
in 2012 and 2013. The full results are reported in Appendix C. 
The median particle size was 14 m for both bed and suspended materials, corresponding to some 
silty material (GRAF 1971, JULIEN 1995). The sorting coefficient 1090 d/d  was about 3.8 for the 
bed materials and 4.1 for suspended sediments on average (Table 3-1, column 9). The bed material 
was a cohesive mud mixture (1), presenting a narrower grain size distribution than the suspended 
sediments (Fig. 3-1). Although the data set was limited, the results suggested little differences in 
sediment characteristics between water samples collected before and after the bore. 
The sediment bed data may be compared with those of sediment materials collected in the Garonne 
River at the same site in June 2012 and October 2013 (REUNGOAT et al. 2014, KEEVIL et al. 
2015) (Table 3-1). The properties of the Garonne River bed sediment were very similar between 
2012 and 2015. However the present data set suggested a slight increase in median grain size and 
sorting coefficient with increasing time between 29 August and 1 September 2015. This is 
illustrated in Figure 3-2, presentation the evolution of median grain size, d10 and d90 over the four 
days of sampling between 29 August and 1 September 2015. On site, it was observed that the bed 
sediment materials next to the waterline were softer than in previous field works. The mud was 
relatively fluid and appeared to become softer and thinner from Saturday 29 August to Tuesday 1 
September 2015 (2). It was likely that the bed surface sediments were re-suspended at each tidal 
bore and early flood tide, before re-depositing during the late flood tide and ebb tide. The entire 
process might have contributed to some mixing between different sediments sources from various 
sections of the river, thus leading to a progressively broader grain size distribution associated with 
                                                 
1 The cohesive mixture typically included about 10% clay, 88% silt and 2% sand. 
2 No tidal bore was observed at the sampling site on 28 August 2015. From 29 August 2015, tidal bores 
occurred twice per day, although the field observations were conducted in the afternoon tidal bores only. 
16 
some increase in median sediment size. Further details are reported in Appendix C. 
On 27 October 2015, water sediment samples were collected before and after the tidal bore passage. 
For the first hour after the bore, the suspended sediment grain sizes were 50% to 100% coarser than 
prior to the bore, although the sorting coefficient was nearly unchanged. With the last sample 
collected 100 minutes the bore passage, the sediment characteristics were very close to the ebb tide 
suspended sediment properties. 
 
Table 3-1 - Characteristics of bed and suspended sediment samples collected in the Garonne River 
between 29 August and 1 September 2015 - Comparison with previous data collected at the same 
site 
 
Reference Sediment 
sampling 
Location Type Comment d50 d10 d90 
10
90
d
d  
     m m m  
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Present study 29/08/2015 Garonne River in Bed Mean of 3 runs 13.46 4.24 43.00 3.19 
 30/08/2015 Arcins channel at material  14.47 4.11 53.22 3.60 
 31/08/2015 low tide   15.04 3.94 63.24 4.01 
 01/09/2015    19.40 4.56 90.10 4.45 
 27/10/2015    16.18 4.31 71.20 4.06 
 29/08/2015 16:38 Garonne River Water Mean of 2 runs 13.85 2.21 57.64 5.11 
 29/08/2015 16:56 in Arcins channel 0.1 m samples  25.16 3.03 185.4 7.82 
 29/08/2015 17:45 below water   11.07 2.12 40.76 4.38 
 30/08/2015 18:13 surface   14.24 1.16 70.80 5.73 
 26/10/2015 14:00    8.97 2.32 26.10 3.35 
 26/10/2015 15:15    13.88 4.46 45.09 3.18 
 27/10/2015 14:00    9.12 2.23 26.80 3.46 
 27/10/2015 15:05    9.13 2.31 27.25 3.43 
 27/10/2015 15:55    13.55 4.18 44.68 3.27 
 27/10/2015 15:59    13.15 4.03 41.25 3.20 
 27/10/2015 16:15    12.03 3.56 41.82 3.43 
 27/10/2015 16:32    13.23 4.12 41.88 3.19 
 27/10/2015 17:17    9.65 2.28 30.46 3.66 
 28/10/2015 09:40    8.48 1.95 25.36 3.61 
KEEVIL et al. 
(2015) 
18/10/2013 Garonne River in Arcins 
channel at low tide 
Bed 
material 
Mean of all runs 15.06 4.13 56.93 3.715 
REUNGOAT 
et al. (2014) 
7/06/2012 Garonne River in Arcins 
channel at low tide 
Bed 
material 
Mean of 4 
samples 
12.22 3.07 48.66 3.975 
 8/06/2012 Garonne River in Arcins 
channel at mid ebb tide 
Bed 
material 
Mean of 4 
samples 
13.24 3.63 51.29 3.75 
 
Notes: Grey shaded data: sediment suspension data; Italic shaded data: sediment suspension data 
prior to the tidal bore. 
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(A) Bed materials 
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(B) Suspended sediment samples collected after tidal bore - Tidal bore passage: 16:27 on 29 August 
2015 and 17:15 on 30 August 2015 
Fig. 3-1 - Particle size distributions of sediment collected in the Garonne River at Arcins between 
29 August and 1 September 2015 
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Fig. 3-2 - Time evolution of the median grain size and other characteristic grain size for bed 
materials collected in the Arcins channel, Garonne River between 29 August and 1 September 2015 
 
Rheometry tests provided detailed informations on the relationship between shear stress and strain 
rate of the bed material. Small quantities of bed sediment materials were subjected to loading and 
unloading phases. The data consistently indicated some difference between loading and unloading 
typical of thixotropic material, with the shear stress magnitude during unloading being consistently 
smaller than that during loading for a given shear rate. The rheometer data were used to estimate an 
apparent yield stress and viscosity (Fig. 3-3). Figure 3-3 presents a typical data set. 
The rheometry data were used to estimate an apparent yield stress of the fluid c and effective 
viscosity  of the sediment material It is acknowledged that a complete characterization of a 
thixotropic material requires the determination of all parameters of a thixotropic model. Herein a 
rapid approximate characterisation of the bed material was applied. The yield stress and viscosity 
were derived by fitting the rheometry data with a Herschel-Bulkley model, during the unloading 
phase, in line with earlier thixotropic material characterisations (COUSSOT 1997, ROUSSEL et al. 
2004, CHANSON et al. 2006): 
 
m
c y
V





  (3-1) 
where  is the shear stress, and V/y is the shear strain rate (HUANG and GARCIA 1998, 
WILSON and BURGESS 1998). A comparison between experimental data and Equation (3-1) 
yielded results in terms of apparent yield stress and effective viscosity listed in Table 3-2. 
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On average, the apparent viscosity was 8 Pa.s, the yield stress was about 12 Pa and m  0.28 for the 
bed sediment samples. The repeatability of the rheometry results was carefully checked by testing 
identically different samples; the results were very close as seen in Table 3-2. Present findings of 
yield stress c ~ 12 Pa were comparable to previous investigations at the same site (CHANSON et 
al. 2011, REUNGOAT et al. 2014, KEEVIL et al. 2015) (Table 3-2).  
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Fig. 3-3 - Rheometry data during loading and unloading phase - Bed sediment material collected on 
30 August 2015 at low tide 
 
Quantitatively the findings were consistent with the qualitative observations of a very soft mud 
layer on the right bank next to the low tide water level. Further the present results indicated a trend 
over the four days (Table 3-2). First the observations suggested for some degree of non-
homogeneity in the sediment samples collected on 1 September 2015. Second the rheometry data 
indicated a slight increase in yield stress and apparent viscosity between four consecutive days (3) 
(Table 3-2). This is illustrated in Figure 3-4 presenting the evolution of c and  between 29 August 
and 1 September 2015. All collected sediment samples were relatively fluid, although they appeared 
to become softer from Saturday 29 August to Tuesday 1 September 2015, while the layer of soft 
mud became thinner on the right bank. It is conceivable that the surface erosion during the tidal 
bore and early flood tide, and the subsequent deposition during the late flood tide and ebb tide, may 
                                                 
3 29 August to 1 September 2015. 
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have contributed to some mixing between sediments sources from different sections of the river, 
thus changing progressively the characteristic grain sizes, yield stress and apparent viscosity of the 
bed materials from 29 August to 1 September 2015 (Fig. 3-2 and 3-4). 
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Fig. 3-4 - Time evolution of averaged apparent yield stress and effective viscosity of bed materials 
collected in the Arcins channel, Garonne River between 29 August and 1 September 2015 
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Table 3-2 - Measured properties of mud samples collected in the Garonne River at Arcins - Comparison with  mud samples collected in the Garonne 
River at Arcins in September 2010, June 2012 and October 2013 and Brisbane River flood sediment sample during the January 2011 flood 
 
Reference River Rheometer Configuration Loading Shear rate Temperature Sediment s c  m 
 system    Min. Max.  collection     
     1/s 1/s C data  Pa Pa.s  
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
Present study Garonne Anton PaarTM Cone 50 mm Continuous 0.01 1,000 25.0 1 Sept.  8.39 5.41 0.278 
 River Physica MR301 2º (smooth) ramp    2015  10.46 7.15 0.276 
 at Arcins         11.20 8.84 0.272 
          15.71 11.55 0.275 
          24.29 13.28 0.258 
        31 Aug.  11.79 8.24 0.277 
        2015  14.64 9.54 0.279 
          11.13 8.10 0.273 
          12.66 9.64 0.261 
          11.77 9.07 0.267 
        30 Aug.  10.61 7.17 0.265 
        2015  10.73 7.88 0.271 
          8.31 6.36 0.270 
          10.77 7.51 0.271 
          11.04 7.74 0.273 
        29 Aug. 1.28 11.43 7.28 0.276 
        2015  10.76 7.07 0.273 
  Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 27 Oct.  14.33 3.78 0.32 
  Pro 4º (smooth) ramp    2015  8.37 3.44 0.31 
KEEVIL et Garonne Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 19 October 1.341 6.38 3.13 0.286 
al. (2015) River Pro 4º (smooth) ramp    2013  6.21 4.76 0.278 
 at Arcins         6.17 5.00 0.271 
          6.61 5.31 0.268 
          5.48 4.28 0.278 
          4.77 4.39 0.276 
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Reference River Rheometer Configuration Loading Shear rate Temperature Sediment s c  m 
 system    Min. Max.  collection     
     1/s 1/s C data  Pa Pa.s  
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
REUNGOAT Garonne Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 75.4 36.1 0.22 
et al. (2014) River Pro 4º (smooth) ramp    8 June 2012 1.428 15.7 11.4 0.27 
 at Arcins       8 June 2012  21.5 13.1 0.28 
   Disk 20 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 271 17.5 0.40 
   (smooth) ramp    8 June 2012 1.428 74.2 2.87 0.60 
CHANSON 
et al. (2011) 
Garonne 
River at 
Arcins 
TA-ARG2 Cone 40 mm 
2º (smooth) 
Steady state 
flow steps 
0.01 1,000 20 11 Sept. 
2010 
1.41 49.7 
61.4 
44.6 
52.9 
0.28 
0.27 
BROWN and 
CHANSON 
(2012) 
Brisbane 
River in flood 
at Gardens 
Point Road 
Mettler 
Viscosimeter 
Cylindrical 
(0.59 mm 
between 
cylinders) 
 0 1,045 25 14 Jan. 
2011 
1.46 35.5 8.1 0.34 
 
Notes: c: apparent yield stress; : apparent effective viscosity; m: Herschel-Bulkley law exponent (Eq. (3-1)); All data were obtained with a similar 
characterisation of mud materials. 
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3.2 ACOUSTIC BACKSCATTER AMPLITUDE AND SUSPENDED SEDIMENT 
CONCENTRATION 
The relationship between acoustic backscatter amplitude of ADV unit and suspended sediment 
concentration (SSC) was tested systematically for SSCs between 0 and 80 kg/m3 with several ADV 
power settings. The experimental results are summarised in Figure 3-5. The full data sets are 
presented in Appendix E. The data indicated a monotonic increase in suspended sediment 
concentration with increasing signal amplitude for SSC less than 5 to 8 kg/m3. For larger sediment 
concentrations (i.e. SSC > 8 kg/m3), the experimental results showed a decreasing acoustic 
backscatter amplitude with increasing suspended sediment concentration. The results were further 
affected by the ADV power settings (App. E). The general trends were consistent with a number of 
studies, including with cohesive sediment materials (DOWNING et al. 1995, HA et al. 2009, 
SALEHI and STROM 2009, GUERRERO et al. 2011, CHANSON et al. 2011, BROWN and 
CHANSON 2012, KEEVIL et al. 2015). 
A number of sediment-laden water samples were collected at Arcins in the Garonne River on 29 
August, 30 August, 31 August, 26 October and 27 October 2015 before and after the tidal bore, 
about 0.1 m below the water surface. The samples were analysed subsequently in laboratory to yield 
the suspended sediment concentration. Overall the data indicated a similar trend: the sample 
analyses showed a low suspended sediment concentration prior to the tidal bore, with SSC (4) of 5-7 
kg/m3 before the bore in August 2015, and about 1 kg/m3 in October 2015 before the bore passage. 
After the tidal bore, the water sample data showed that the suspended sediment concentrations were 
higher, up to 67 kg/m3 on 31 August 2015 about 12 minutes after the bore passage. All data are 
discussed in section 5.3 (e.g. Figure 5.6), showing the suspended sediment concentration of 
sediment-laden water samples as a function of the time relative to the passage of tidal bore on the 
collection day. In Figure 3-6, a negative time corresponds to the late ebb tide. 
The sediment-laden water sample data analyses were compared with the calibration data of the 
ADV unit (Fig. 3-5 & Appendix E). The results presented a reasonable agreement between the 
measured SSCs and ADV backscatter readings. The finding implied that the backscatter amplitude 
outputs may be used as a surrogate of SSC with the proper selection of some calibration curve. 
 
                                                 
4 Calculated in terms of wet sediment mass to be consistent with the ADV calibration method and past tidal 
bore data (CHANSON et al. 2011, REUNGOAT et al. 204, KEEVIL et al. 2015). 
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(A) ADV power setting: High- - Mud samples collected on 27 October 2015 & Water samples 
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(B) ADV power setting: Low - Mud sample collected on 30 August 2015 & Water sample collected 
on 30 August 2015 
Fig. 3-5 - Relationship between suspended sediment concentration (SSC) and ADV backscatter 
amplitude for the sediment samples collected at Arcins on 30 August and 1 September 2015 - 
Comparison with the sediment-laden water samples collected on 29, 30 and 31 August 2015 and 
ADV signal amplitude readings at time of water sampling 
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All the field observations indicated that the suspended sediment concentrations (SSCs) were very 
low prior the tidal bore, while much larger sediment concentration levels were observed during and 
after the passage of the tidal bore (section 5.3). Hence the SSC estimates were calculated using the 
following ADV calibration curves for SSC < 5-8 kg/m3: 
 Ampl0551.07 e10232.11
23913SSC 
  SSC < 5 kg/m3 (Power = High-)  (3-2A) 
 Ampl07793.0e28621
32.130SSC   SSC < 5 kg/m
3 (Power = Low)  (3-2B) 
where the backscatter amplitude (Ampl) is in counts, and the suspended sediment concentration 
SSC is in kg/m3 (5). During and after the passage of the tidal bore, the SSCs were significantly 
larger and the ADV backscatter amplitude was attenuated by the heavily sediment-laden flow. The 
suspended sediment estimates were deduced from the ADV calibration data for SSC > 8 kg/m3: 
 )Ampl(Ln85.448.247SSC   SSC > 8 kg/m3 (Power = High-)  (3-3A) 
 )Ampl(Ln91.390.191SSC   SSC > 8 kg/m3 (Power = Low)  (3-3B) 
Equations (3-2) and (3-3) were compared to the calibration data in Figure 3-5, as well as water 
sample data and the corresponding signal amplitude at time to collection. The trend was comparable 
to past relevant studies (HA et al. 2009, SALEHI and STROM 2009, BROWN and CHANSON 
2012, KEEVIL et al. 2015). 
Equations (3-2) and (3-3) were applied to the field data set before and after the tidal bore passage 
respectively. The results are presented and discussed below. The velocity and SSC data were used 
to calculate the instantaneous suspended sediment flux per unit area: qs = SSCVx where qs and Vx 
are positive in the downstream direction, SSC is in kg/m3, and the sediment flux per unit area qs is 
in kg/m2/s. 
 
3.3 CONCLUDING REMARKS 
The sediment analyses showed close results with past field measurements at the same site. These 
studies were conducted over one to two days, providing a snapshot based upon a single bore event. 
Herein new field measurements were repeated systematically at the same site on 29 August, 30 
August, 31 August, 1 September and 27 October 2015. Between 29 August and 1 September, a 
careful characterisation of the sediment materials showed some temporal trend linked with the 
occurrence of tidal bore: 
- the bed material granulometry data showed a progressively broader grain size distribution 
                                                 
5 The ADV power setting was Low on 30 August 2015, and High- on 29 August, 31 August, 1 September 
and 27 October 2015. 
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associated with some increase in median sediment size; and 
- the apparent yield stress and effective viscosity of bed materials increased over the past four days. 
It is suggested that the surface erosion during the tidal bore and early flood tide, and the subsequent 
deposition during the late flood tide and ebb tide, might have contributed to some mixing between 
different sediments sources, thus changing progressively the bed material characteristics between 29 
August and 1 September 2015. 
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4. GENERAL OBSERVATIONS 
4.1 PRESENTATION 
The low tide slack and flow reversal was documented in the Arcins channel for the afternoons of 
28, 29, 30 and 31 August, 1 September, and 26, 27 and 28 October 2015, although detailed 
measurements were only conducted on 29, 30 and 31 August, 1 September and 27 October 2015. A 
number of photographs are shown in Figure 4-1 and in Appendix B, while a summary of basic flow 
features is presented in Table 4-1. 
On 28 August 2015 afternoon, no tidal bore was observed at the sampling site. The late ebb tide was 
characterised by a slow downstream flow motion. The early flood tide started with a rapid flow 
reversal at the sampling site, although without a discontinuity in terms of water depth: i.e., no bore 
front. However, further upstream in the channel, a small bore was seen (Appendix B). 
 
 
(A) Tidal bore formation at the northern end of the Arcins channel on 31 August 2015 about 18:00 - 
Note the Airbus barge (white arrow) in the background behind the Pont François Mitterrand; the 
barge travelled upstream following the tidal bore, carrying a section of Airbus A380 fuselage 
 
(B) Tidal bore propagation in the northern end of the Arcins channel on 21 August 2015 
28 
 
(C) Undular tidal bore approaching the pontoon on 1 September 2015 - The ADV and survey staff 
were located in the left foreground 
 
(D) Propagation of the bore upstream of the sampling site on 1 September 2015 (looking south) - 
The bore is propagating upstream away from the photographer - The 'backward' bore would enter 
the river channel a few minutes later 
Fig. 4-1 - Tidal bore of the Garonne River in the Arcins channel in 2015 
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On 29, 30 and 31 August, 1 September and 27 October 2015 (1), the tidal bore formed at the 
northern (2) end of the Arcins channel (Fig. 4-1A). The bore extended rapidly across the entire 
channel width as a breaking bore in this very-shallow region (3). As the bore propagated upstream, 
its shape evolved in response to bathymetric changes (Fig. 4-1). The tidal bore was undular at the 
sampling location as illustrated in Figure 4-1C. Note the bore front which is well highlighted by the 
surfer(s) in Figure 4-1. While the bore was undular, the free-surface elevation rose very rapidly 
during the bore passage: i.e., by 0.3 m to 0.5 m in the first 10-15 s. More details on the water 
elevation data are presented in the next paragraphs. The tidal bore propagated up to the southern 
end of the channel and the surfer(s) surfed the front of the bore for the entire channel length. At the 
sampling site and on each day, the bore passage was followed by a series of strong whelps lasting 
for several minutes. The wave period was about 1 s. 
 
Surface scars during rainy period 
On 31 August 2015, some moderate rainfall took place after 18:45 during the flood tide 
measurements. Surface scars were seen at the water surface during the rainfall period. Figure 4-2 
shows a photographic example, looking downstream at the incoming flood tidal motion. The 
rainfall highlighted some surface irregularity; the water surface texture was different in a series of 
braided 'smooth' channels in contrast to the rest of the water surface. It is understood that such scars 
are linked to some discontinuity in turbulence characteristics and physiochemical properties 
(SIMPSON 1997, BROCCHINI and PEREGRINE 2001, TAMBURRINO and GULLIVER 2007, 
TREVETHAN et al. 2008). Raindrop impacts generated surface waves and ripples, and their 
characteristics were functions of local surface tension. It is suggested that such 'braided channels' 
contained waters of slightly different surface tension compared to the rest of the flood tide flow. 
The differences in surface tension might be caused by oils secreted by plants, by emerging 
groundwater at the riverbed or by substances carried by the water. It is believed that the surface 
scars revealed the existence of longitudinal vortices in the Arcins channel. The analysis of surface 
photographs suggested elongated surface scars (Fig. 4-2) and their transverse length scale was 
between 1.5 and 3 times the water depth. For comparison, laboratory observations in a moving-bed 
                                                 
1 A tidal bore was observed on both 26 and 28 October 2015 (Appendix B). 
2 Herein we refer to the downstream end of the Arcins channel as the northern end, and its upstream end as 
the southern end (Fig. 4-6). 
3 The surfers indicated that their surfboard's fins touched the bottom in several places about the start of their 
ride. 
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flume suggested a lateral spacing of 1-1.5 times the depth (TAMBURRINO and GULLIVER 2007), 
while another field study reported transverse length scales between 2 and 3 times the depth during 
moderate rain (TREVETHAN et al. 2008). It is also possible that the surface scars highlighted some 
form of denser currents linked to suspended sediment convection. 
 
 
Fig. 4-2 - Surface scars during a rainfall period during the early flood tide in the Arcins channel 
(Garonne River) on 31 August 2015 about 18:15, looking downstream 
 
Tidal bore collision, standing wave and backward bore 
Considering a tidal bore advancing in a braided channel, e.g. around an island, the bore front may 
progress at different speeds in each channel. It typically advances faster in the deeper channels. 
When the channels rejoin, some unusual process may take place if one of the tidal bores is late. That 
is, the faster bore may enter the shallower channel and propagates downstream, colliding with the 
original bore, before continuing further downstream. The process is called a 'backward' bore 
(KEEVIL et al. 2015). It was observed in the Trent River (UK) (JONES 2012, Pers. Comm.), 
Severn River (UK) (ROWBOTHAM 1983), Garonne River (France) (REUNGOAT et al. 2014, 
KEEVIL et al. 2015), and Sungai Digul River (Indonesia) (COLAS 2015, Pers. Comm.). 
In the Arcins channel, a 'backward' bore was observed on 29 August, 30 August, 31 August, 1 
September and 27 October 2015. Although the phenomenon was weak on 29 August 2015, it was 
well marked and documented on 30 August, 31 August, 1 September and 27 October 2015, and it 
appeared to be possibly the strongest on 1 September 2015. Table 4-1 summarises a number of key 
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observations. Figures 4-3 to 4.5 show a number of photographs, Figure 4-6 presents a sketch and 
further photographs are shown in Appendix B. 
At the southern end of the Arcins channel, the tidal bore of the main river channel entered into the 
Arcins channel and formed a marked bore propagating northwards against the flood tide (Fig. 4-3). 
This phenomenon is sketched in Figure 4-6(3). When the Arcins channel tidal bore approached the 
southern end of the channel, it collided with the 'backward' bore about 4 minutes after it passed the 
sampling location (Fig. 4-4). The tidal bore collision generated a standing wave, with intense 
upward sediment advection to the free-surface, evidenced by the black colour of the surface waters. 
The standing wave was extremely turbulent and its absolute speed dropped sharply as the standing 
wave was almost stationary for sometimes (4). Later the Arcins channel tidal bore continued to 
propagate southwards and rejoined the Garonne River. At the same time, the 'backward' bore 
advanced northwards against the flood tide in the Arcins channel. Some slight breaking was seen 
next to the left and right banks (Fig. 4-5). The absolute celerity of the 'backward' bore was about 
2.2-2.5 m/s, compared to the celerity of the Arcins channel tidal bore of about 4.2-4.8 m/s at the 
sampling location. On 30 August, 31 August, 1 September and 27 October 2015, the 'backward' 
bore reached the sampling site about 8.3 minutes after the Arcins channel bore passed the ADV 
system (Table 4-1). At the sampling site, the passage of the 'backward' bore was felt, with a sudden 
flow deceleration, associated with a northward surface flow motion next to the right bank and very 
strong turbulence next to the pontoon. The 'backward' bore continued northwards up to the northern 
end of the Arcins channel. 
The downstream propagation of the 'backward' bore is believed to be linked to a relatively recent 
siltation of the Arcins channel (KEEVIL et al. 2015). In 2013, a build-up of low natural bar of hard 
materials was observed at the southern end of the Arcins channel. In 2015, two low natural bars of 
relatively hard materials were noted: at both southern and northern ends of the channel. At the 
southern end, the bar was established across the entire Arcins channel width (5). At the northern 
end, the surfers had barely enough water to surf the bore without damaging their board. It is 
conceivable that recent major floods of the Garonne River in 2012 and 2013 scoured the main river 
channel, reducing the flow into Arcins channel particularly at low tides. 
 
                                                 
4 On 29, 30 and 31 August and 1 September 2015, Frédéric DANEY surfed the entire length of the Arcins 
channel. He remained on the standing wave and continued to surf past the bore collision point. He was a very 
experienced tidal bore surfer, in addition to his coastal surfing experience. 
5 Frédéric DANEY checked the southern bar on 31 August 2015. There was less than 0.30 m of water at the 
end of the ebb tide and the bar was reasonably flat in the transverse direction. 
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Table 4-1 - Observations of tidal bores in the Arcins channel, Garonne River (France) 
 
Hydrodynamic 10 11 5 7 17  18 19 21   Present study     
feature(s) Sept. 
2010 
(a) 
Sept. 
2010 
(a) 
June 
2012 
(b) 
June 
2012 
(b) 
Oct. 
2013 
(c) 
Oct. 
2013 
(c) 
Oct. 
2013 
(c) 
Oct. 
2013 
(c) 
28 
Aug. 
2015 
29 
Aug. 
2015 
30 
Aug. 
2015 
31 
Aug. 
2015 
1 Sept. 
2015 
26 Oct 
2015 
27 
Oct. 
2015 
28 
Oct. 
2015 
Tidal range (m): (1) 6.03 5.89 4.88 5.47 5.88 6.09 6.09 -- 5.44 5.85 6.17 6.22 6.04 6.15 6.32 6.30 
Tidal bore at sampling location: Yes Yes Yes Yes NO Yes Yes Yes NO Yes Yes Yes Yes Yes Yes Yes 
Garonne Rive bore entering the 
southern end of Arcins channel: 
No No No No N/A Yes Yes Yes N/A Yes Yes Yes Yes Yes Yes Yes 
Standing wave during bore 
collision: 
No No No No N/A -- Yes Yes N/A No Yes Yes Yes Yes Yes Yes 
Backward bore travelling 
downstream in the Arcins 
channel: 
No No No No N/A Yes Yes Yes N/A No Yes Yes Yes Yes Yes -- 
Angle (2) between ebb flow and 
early flood tide flow mean 
directions (): 
-- -- N/A -- N/A -- +159 -- N/A +160.6 +167.0 +175.1 +158.4 N/A +152.2 -- 
Time between bore collision and 
bore passage at sampling site (s): 
N/A N/A N/A N/A N/A -- 233 -- N/A N/A 240 242 237 ~300 245 > 160 
Time between backward bore at 
sampling site and bore passage at 
sampling site (s): 
N/A N/A N/A N/A N/A -- 572 -- N/A N/A 568 568 563 ~480 322 -- 
Period of marked free-surface 
wave motion during very early 
flood tide (s): 
-- -- -- -- -- -- 38 -- N/A 180 170 170 175 -- 47 -- 
 
Notes: (1): measured at Bordeaux; (2): positive in the anticlockwise direction, viewed in elevation; (a): CHANSON et al. (2011); (b) REUNGOAT et 
al. (2014); (c) REUNGOAT et al. (2015); (--): information not available; N/A: not applicable. 
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Fig. 4-3 - Tidal bore of the Garonne River entering southern of the Arcins channel on 30 August 2015 at 17:20 - Looking south from the sampling site 
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(A) Tidal bore collision on 30 August 2015 at about 17:21 - Note the two surfers stranded on the standing wave 
 
(B) Tidal bore collision on 31 August 2015 at about 18:09 
Fig. 4-4 - Tidal bore collision in the Arcins channel between the main bore and the 'backward' bore of the Garonne River main channel - Looking 
south from the sampling site - Arrow points to standing wave 
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(A) On 1 September 2015 - Note surfer on the left 
 
(B) Downstream propagation of backward bore on 31 August 2015 
Fig. 4-5 - Downstream / southern propagation of the 'backward' bore of the Garonne River main channel - View from the sampling site - Arrows point 
to backward bore front advancing towards the photographer 
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Fig. 4-6 - Sketch of the tidal bore of the Garonne River entering the Arcins channel's southern end and propagating downstream against the tidal flood 
flow in the Arcins channel (redrawn after KEEVIL et al. 2015) 
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Remarks 
In October 2013, KEEVIL et al. (2015) observed a series of longitudinal rills along the right bank at 
low tide for most of the length of the channel. This feature was not seen in 2015, and the bed 
surface sediments next to the waterline appeared to be softer in 2015 than in previous field works 
(6). The sediment materials were relatively fluid and seemed to become softer from Saturday 29 
August to Tuesday 1 September 2015. In parallel the layer of soft mud became thinner over the 
same period. 
On 30 August, 31 August and 1 September 2015, large tree trunks, logs, branches and stumps were 
seen on the river banks at low tide, and floating at the water surface during the early flood tide. 
Figure 4-7 illustrates an example: the two trunks in the foreground left were over 15 m long and 
were freed by the flood tide shortly after. 
 
 
Fig. 4-7 - Large logs and stumps on the right bank next to the sampling site on 30 August 2015 at 
17:28 during the early flood tide - The two trunks indicated by blue arrows were over 15 m long; 
they were refloated by the flood tide and entrained upstream shortly after the photograph was taken 
 
                                                 
6 The same people (Prof. Pierre LUBIN and Dr David REUNGOAT) collected the sediment samples in 2010, 
2012, 2013 and 2015. 
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4.2 FREE-SURFACE CHARACTERISTICS 
4.2.1 Presentation 
A tidal bore is characterised by a marked rise in free-surface elevation, as seen in Figure 4-1 (also 
Appendix B). The bore shape is characterised its Froude number Fr1 defined as: 
 
1
1
1
1
B
Ag
UVFr

  (4-1) 
where V1 is the initial flow velocity positive downstream, U is the bore celerity positive upstream 
for a fixed observer standing on the bank, g is the gravity acceleration, A1 is the initial flow cross-
section area and B1 is the initial free-surface width (Fig. 4-6). Equation (4-1) is the Froude number 
definition for a tidal bore advancing in a natural system with an irregular cross-section (CHANSON 
2012). Based upon the bathymetric survey data, the present field observations are summarised in 
Table 4-2. The Froude number ranged from 1.2 to 1.7, consistent with the undular nature of the bore 
except on 31 August 2015. On 31 August 2015, the bore front was undular on the channel 
centreline and towards to the right bank, but breaking close to the left bank. 
The application of the equations of conservation of mass and momentum in their integral form gives 
an analytical solution of the conjugate flow properties, namely the ratio of conjugate cross-section 
areas as a function of the Froude number and cross-section shape (CHANSON 2012). It yields: 
 
B
'B
B
'B2Fr
B
B
B
'B
8
B
'B2
2
1
A
A
2
1
1
2
1
2


 

 
  (4-2) 
where A2 is the new cross-sections area: A2 = A1 + A, and B and B' are characteristic widths 
defined as: 
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with d1 and d2 the initial and new water depths (Fig. 4-6). The present observations are reported in 
Figure 4-7A in terms of the ratio of conjugate cross-section areas A2/A1 as a function of the Froude 
number Fr1. The present data (filled square symbols) are compared with the momentum principle 
solution (Eq. (4-2)) (open circles) and previous field data (solid symbols). For completeness, the 
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Bélanger equation developed for a smooth rectangular channel is included: 
 

  1Fr81
2
1
A
A 2
1
1
2  (4-5) 
Figure 4-7A shows a good agreement between Equation (4-2) and the field data. It highlights 
further the limitations of the Bélanger equation (Eq. (4-5)) in natural irregular channels.  
 
 
Fig. 4-6 - Definition sketch of a tidal bore advancing in a natural channel 
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(A) Relationship between conjugate cross-sectional area ratio A2/A1 and Froude number Fr1: 
comparison between field observations (Table 4-2, blue symbols), momentum principle solution 
(Eq. (4-2), black hollow circles) and the Bélanger equation (Eq. (4-5), solid line) 
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(B, Left) Dimensionless wave amplitude aw/(A1/B1) - Comparison between field observations (Blue 
symbols, same legend as Fig. 4-7A, Table 4-2), laboratory experiments on smooth bed (TRESKE 
1994, KOCH and CHANSON 2008, CHANSON 2010, DOCHERTY and CHANSON 2012, 
KHEZRI and CHANSON 2012, LENG and CHANSON 2016) and rough bed (CHANSON 2010, 
DOCHERTY and CHANSON 2012, KHEZRI and CHANSON 2012), linear wave theory 
(LEMOINE 1948) and Boussinesq equations (ANDERSEN 1978) 
(C, Right) Wave length Lw/(A1/B1) - Comparison between field observations, laboratory 
experiments on smooth and rough bed, and Boussinesq equations (Same legend as Fig. 4-7B) 
Fig. 4-7 - Free-surface characteristics of the tidal bore of the Garonne River at Arcins in August, 
September and October 2015 - Comparison with field observations (Table 4-2) 
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Table 4-2 - Tidal bore properties in the Arcins channel (Garonne River, France) at the sampling location on 19 October 2013 - Comparison with 
cross-sectional and hydrodynamic properties of tidal bores during field measurements 
 
Reference River Date Bore Fr1 U V1 d1 A1 B1 d A B2 B B' A1/B1 B2/B1 B/B1 B'/B1 A2/A1 
   type  m/s m/s m m2 m m m2 m m m      
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 
WOLANSKI et al. (2004) Daly River 2/07/03 Undular 1.04 4.70 0.15 1.50 289.3 129.2 0.28 36.4 130.9 130.1 129.3 2.24 1.013 1.007 1.001 1.13 
SIMPSON et al. (2004) Dee River 6/09/03 Breaking 1.79 4.1 0.15 0.72 39.3 68.3 0.45 31.4 72.8 70.4 74.1 0.58 1.066 1.030 1.085 1.80 
CHANSON et al. (2011) Garonne 10/09/10 Undular 1.30 4.49 0.33 1.77 105.7 75.4 0.50 39.4 81.6 78.5 76.7 1.40 1.083 1.042 1.018 1.37 
 River 11/09/10 Undular 1.20 4.20 0.30 1.81 108.8 75.8 0.46 36.0 81.6 78.2 77.5 1.43 1.076 1.032 1.021 1.33 
MOUAZE et al. (2010) Sélune 24/09/10 Breaking 2.35 2.00 0.86 0.38 5.25 34.7 0.34 27.3 116.9 80.9 66.6 0.15 3.37 2.33 1.92 6.19 
 River 25/09/10 Breaking 2.48 1.96 0.59 0.33 3.56 33.2 0.41 31.3 117.0 77.3 65.7 0.11 3.53 2.33 1.98 9.79 
FURGEROT et al. (2013) Sée River 7/05/12 Undular 1.39 3.2 0.4 0.9 14.82 21.7 0.56 12.9 23.9 23.0 22.7 0.68 1.101 1.060 1.046 1.87 
REUNGOAT et al. (2014) Garonne 
River 
7/06/12 Undular 
(very flat) 
1.02 3.85 0.68 2.72 158.9 79.0 0.45 36.71 84.3 81.6 82.4 2.00 1.067 1.033 1.043 1.233 
  7/06/12 Undular 1.19 4.58 0.59 2.65 152.3 78.7 0.52 42.24 84.3 81.2 81.8 1.94 1.071 1.032 1.040 1.278 
REUNGOAT et al. (2015) Garonne 
River 
19/10/13 Undular 1.27 4.32 0.26 2.05 85.6 65.0 0.30 19.8 67.0 65.8 65.7 1.32 1.031 1.013 1.011 1.231 
Present study Garonne 29/08/15 Undular 1.18 4.23 0.29 1.685 101.4 67.6 0.338 23.24 69.9 68.9 68.4 1.50 1.034 1.019 1.012 1.23 
 River 30/08/15 Undular 1.34 4.25 0.21 1.25 72.8 64.3 0.470 30.72 67.4 65.4 65.5 1.13 1.048 1.017 1.019 1.42 
  31/08/15 Undular 1.70 4.79 0.18 1.122 56.6 65.1 0.496 33.30 69.5 67.2 66.7 0.87 1.068 1.032 1.025 1.59 
  1/09/15 Undular 1.38 4.45 0.22 1.28 74.9 64.5 0.440 29.07 67.6 66.1 65.6 1.16 1.048 1.024 1.017 1.39 
  27/10/15 Undular 1.33 4.61 0.22 1.24 88.0 65.9 0.480 32.23 69.1 67.2 67.0 1.34 1.049 1.019 1.017 1.37 
 
Notes: A1: channel cross-section area immediately prior to the bore passage; B1: free-surface width immediately prior to the bore passage; d1: water 
depth next to ADV immediately prior to the bore passage; Fr1: tidal bore Froude number (Eq. (4-1)); U: tidal bore celerity positive upstream on the 
channel centreline; V1: downstream surface velocity on the channel centreline immediately prior to the bore passage; Italic data: incomplete data. 
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4.2.2 Free-surface properties 
For each field study, the free-surface elevation dropped very gradually during the end of ebb tide. 
The passage of the tidal bore was associated with a very rapid rise of the water elevation, followed 
by free-surface undulation and then some pseudo-chaotic wave motion shortly during the very early 
flood tide. Afterwards the water depth increased rapidly with time. For all field studies, well-formed 
whelps were observed between one to three minutes after passage of the bore. In August-
September, the free-surface wave motion was seen about three minutes after the front. In October, 
these whelps were seen about a minute after the bore front: that is, with a delay comparable to that 
observed in October 2013 at the same site. Typical water depth data are reported in Figures 4-8 and 
4-9. In Figure 4-8, the observed water depth is compared to the observations of surface velocity on 
the channel centre on 29 August 2015. Figure 4-9 illustrates the well-formed whelp motion on 27 
October 2015. The water depth data showed large free-surface fluctuations with a period about 1.3 
to 1.5 s between 56270 s and 56310 s (Fig. 4-9B). 
A key feature of undular bores is the smooth front followed by a pseudo-periodic secondary wave 
motion. This free-surface feature was previously documented during field observations of undular 
tidal bores (WOLANSKI et al. 2004, CHANSON et al. 2011). The dimensionless wave amplitude 
and wave length data are presented in Figures 4-7B and 4-7C, as well as reported in Table 4-3. In 
Figure 4-7, the present data are compared to field and laboratory data as well as analytical solutions 
of the linear wave theory (LEMOINE 1948) and of the Boussinesq equations (ANDERSEN 1978).  
The undular bore data indicated an increase in wave amplitude aw/(A1/B1) with increasing Froude 
number up to Fr1 = 1.3 to 1.4 (Fig. 4-7B). The maximum wave amplitude was linked to the 
appearance of some breaking at the first wave crest. For larger Froude numbers, the data tended to 
decrease with increasing Froude number. Herein the 31/8/2015 data with Fr1 = 1.7 were an 
exception, possibly caused by the three-dimensional nature of the bore front. The wave length data 
decreased with increasing Froude number (Fig. 4-7C). All data were close to a solution of the 
Boussinesq equation. The present findings were consistent with earlier laboratory and field studies. 
Figure 4-8 shows the surface velocity data. These were recorded using floating debris about the 
centre of the Arcins channel. The velocity data showed the sudden flow reversal during the passage 
of the tidal bore. Further velocity data are discussed in section 5. 
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Table 4-3 - Free-surface undulation properties in the Arcins channel (Garonne River, France) at the 
sampling location in 2015 - Comparison with previous field measurements (Table 4-2) 
 
Reference River Date Fr1 A1/B1 aw/Lw Lw/ 
(A1/B1) 
Tw 
       (s) 
(1) (2) (3) (4) (5) (6) (7) (8) 
WOLANSKI et al. (2004) Daly River 2/07/03 1.04 2.24 0.00093 19.89 9.48 
CHANSON et al. (2011) Garonne River 10/09/10 1.30 1.40 0.0614 3.97 1.24 
  11/09/10 1.20 1.43 0.0470 3.75 1.28 
FURGEROT et al. (2013) Sée River 7/05/12 1.39 0.68 0.0140 6.26 1.34 
REUNGOAT et al. (2015) Garonne River 19/10/13 1.27 1.32 0.0274 2.90 0.96 
Present study Garonne River 29/8/15 1.18 1.501 0.0610 3.05 0.84 
  30/8/15 1.34 1.132 0.0727 4.86 0.90 
  31/8/15 1.70 0.870 0.0952 6.41 0.96 
  01/9/15 1.38 1.162 0.0980 4.36 0.99 
  27/10/15 1.33 1.336 0.0376 3.09 1.02 
 
Notes: aw: wave amplitude of first free-surface undulation; Lw: wave length of first free-surface 
undulation; Tw: period of first undulation; photographic observations of free-surface undulations 
close to Arcins Island. 
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Fig. 4-8 - Time variations of the water depth next to ADV unit and free-surface velocity in the 
channel centre during the field experiment on 29 August 2015 
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(A) View from the right bank looking downstream about 30 s after the bore passage - Arrow points 
to whelps 
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(B) Water depth observations at the survey staff 
Fig. 4-9 - Well-formed whelp motion observed about a minute after tidal bore passage on 27 
October 2015 
 
4.3 WATER TEMPERATURE, PH AND SALINITY 
Typical time-variations of water temperature, pH and salinity data are presented in Figure 4-10. The 
manual readings are compared with the water depth data. In August-September 2015, the water 
surface temperature varied from 25.3 C to 31.5 C over the four days period. The variations were 
relatively consistent with changes in air temperatures (Fig. 4-10). The water conductivity ranged 
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from 0.28 to 0.36 mS/cm (7): the conductivity levels corresponded to freshwater. The pH data (not 
shown) ranged from 7.7 to 8.2. In October 2015, the pH and conductivity levels were similar, but 
the water temperatures ranged between 14.5 and 15.5 C, reflecting the cooler period of the year. 
Overall the present data indicated no evidence of saline front, temperature front or pH front in the 
Arcins channel during the tidal bore motion. The water in the Arcins channel was mostly freshwater 
before and after the bore. 
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Fig. 4-10 - Time variations of the water temperature (C), pH and conductivity (mS/cm) on 29-31 
August and 1 September 2015 - Comparison with water depth data and air temperature data at 
Bordeaux-Mérignac 
 
                                                 
7 The conductivity of sea water ranges from 54 to 56 mS/cm. 
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5. VELOCITY, TURBULENT SHEAR STRESS AND SEDIMENTARY 
PROCESSES 
5.1 PRESENTATION 
Velocity measurements were conducted continuously at high frequency prior to, during and after 
the tidal bore. The entire data sets are reported in Appendix G. Figure 5-1 shows a typical data set, 
where the longitudinal velocity component Vx is positive downstream towards Bordeaux, the 
transverse velocity component Vy is positive towards the Arcins Island, and the vertical velocity 
component Vz is positive upwards. In Figure 5-1, the time-variations of the water depth are included 
as well as surface velocity data (1) on the channel centre, and the time of passage of the 'backward' 
bore is indicated with a green triangular symbol. 
During the end of ebb tide, the current velocity decreased in the Arcins channel with time. 
Immediately prior to the bore, the surface velocity dropped down to +0.2-0.3 m/s at the channel 
centre. Lower instantaneous velocities were recorded by the ADV unit close to the left bank.  
The tidal bore occurrence had a marked effect on the velocity field, as illustrated in Figure 5-1. Its 
impact included a rapid flow deceleration and flow reversal during the bore passage, followed by 
large and rapid fluctuations of all velocity fluctuations during the early flood tide. Typical data 
during the flow deceleration phases are illustrated in Figure 5-2. In Figure 5-2, each graph uses the 
same vertical scales and the horizontal scales correspond to 80 s. The maximum flow deceleration 
ranged from -0.65 m/s2 to less than -1.4 m/s2. The data are summarised in Table 5-1 and compared 
with previous field observations at the same site. Table 5-1 regroups basic flow properties prior to 
the bore, namely initial flow conditions observed a couple of minutes prior to the bore passage, as 
well as flow properties recorded during the very early flood tide (i.e. 20 s after bore passage), early 
flood tide free-surface wave motion period, and flood tide (i.e. one hour after bore passage). 
The bore passage was associated with large fluctuations of all velocity components, lasting 
throughout the flood tide. The flood flow was very energetic. About 100 s to 300 s after the bore 
front, some strong free-surface wave motion was observed (Fig. 4-9). The free-surface oscillations 
were associated with large oscillations of both horizontal and vertical velocity components with 
periods about 1.3 s to 1.5 s. These oscillation are seen in Figure 5-2C for 56,250 < t < 56300 s. Such 
oscillations were closely linked to the free-surface curvature and its induced vertical motion, which 
may be predicted based upon simple irrotational flow considerations (ROUSE 1938, MONTES and 
CHANSON 1998). The velocity amplitudes and periods are reported in Table 5-1. 
                                                 
1 based upon the velocity of floating debris at the water surface, measured between two known locations 
along the pontoon. 
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The present observations were consistent with earlier ADCP field observations in undular and 
breaking bores (SIMPSON et al. 2004, WOLANSKI et al. 2004, FURGEROT et al. 2016) in terms 
of the marked effect of bore passage and very-early flood tide velocity fluctuations, albeit these 
studies had a much lesser temporal resolution. A few field studies, based upon acoustic Doppler 
velocimetry, (CHANSON et al. 2011, REUNGOAT et al. 2014,2015, FURGEROT et al. 2016), 
documented comparable levels of velocity fluctuations during the early flood tide. 
 
Table 5-1 - Velocity properties in the Arcins channel immediately prior to, during and immediately 
after the tidal bore in 2015 - Comparison with 2012 and 2013 observations 
 
Flow properties    Date    
 7/6/12 19/10/13 29/8/15 30/8/15 31/8/15 1/9/15 27/10/15 
Froude number Fr1 1.02 1.27 1.18 1.34 1.70 1.38 1.33 
Initial flow conditions        
Initial water depth (m) (1) 2.72 2.05 1.685 1.25 1.12 1.28 1.24 
Initial surface velocity (m/s) (2) +0.68 +0.255 +0.29 +0.21 +0.18 +0.22 +0.22 
Initial velocity xV  (m/s) (
3) +0.34 +0.106 +0.094 +0.105 +0.005 0.0 +0.066 
Bore passage        
Maximum deceleration 
( xV /t)max (m/s2) (3) 
-0.619 -0.504 -1.2 -1.4 -0.883 -0.739 -0.645 
Very early flood tide (Tbore+20s)        
xV  (m/s) (
3) -0.47 -0.83 -0.82 -0.83 -0.83 -0.84 -0.81 
yV  (m/s) +0.12 -0.04 +0.02 -0.06 -0.06 -0.04 -0.06 
zV  (m/s) -0.02 -0.13 -0.11 -0.14 -0.20 -0.22 -0.16 
vx' (m/s) 0.049 0.040 0.085 0.098 0.047 0.068 0.054 
vy' (m/s) 0.026 0.040 0.046 0.079 0.070 0.039 0.058 
vz' (m/s) 0.051 0.025 0.026 0.032 0.031 0.028 0.026 
Early flood tide wave motion        
Time after bore passage (s) (3) -- 40 180 170 170 175 50 
Velocity amplitude Vx (m/s) -- 0.13 0.165 0.255 0.138 0.135 0.175 
Velocity amplitude Vx (m/s) -- 0.075 0.10 0.11 0.102 0.07 0.10 
Velocity oscillation period (s) -- 1.55 1.5 1.31 1.47 1.46 1.33 
Backward bore (±100s)        
Time after bore passage (s) -- 632 -- 568 568 563 583 
xV  (m/s) (
3) -- -0.87 -- -1.00 -1.06 -1.07 -1.10 
vx' (m/s) -- 0.397 -- 0.303 0.219 0.15 0.177 
vy' (m/s) -- 0.097 -- 0.155 0.138 0.13 0.126 
vz' (m/s) -- 0.064 -- 0.125 0.120 0.09 0.096 
Flood tide (Tbore+3600s)        
xV  (m/s) (
3) -- -1.16 -0.91 -1.02 -1.27 -0.90 -1.20 
vx' (m/s) -- 0.077 0.088 0.173 0.116 0.088 0.116 
vy' (m/s) -- 0.049 0.074 0.073 0.061 0.063 0.059 
vz' (m/s) -- 0.029 0.044 0.060 0.060 0.034 0.041 
 
Notes: (1): at survey staff; (2): at channel centre; (3): ADV data; Bold italic data: suspicious data. 
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Fig. 5-1 - Water depth, instantaneous velocity and low-pass filtered (VITA) velocity as functions of 
time during the Arcins channel tidal bore on 1 September 2015 for the entire data set - Comparison 
between ADV data (sampling rate: 200 Hz) and surface velocity data 
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(A) On 29 September 2015 
 
(B) On 30 September 2015 
 
(C) On 27 October 2015 
Fig. 5-2 - Time variations of instantaneous velocity components during the passage of tidal bore in 
the Arcins channel 
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The turbulent properties were estimated both before and after the tidal bore passage. A few basic 
characteristics are summarised in Table 5-1. After the rapid deceleration, the present data showed 
that the passage of the 'backward' bore was always associated with large velocity fluctuations, as 
first reported by KEEVIL et al. (2015). Dimensionless velocity fluctuations v'/| xV | ranged from 
10% to 30% for all velocity components then, where v' is the standard deviation of a velocity 
component and | xV | is the magnitude of time-averaged longitudinal velocity. Typical data are 
illustrated in Figure 5-1 for t ~ 327,550 s, and quantitative observations are reported in Table 5-1.  
The velocity fluctuations continued to be large during the flood tide and large fluctuations were 
recorded for the first two hours. For example, dimensionless velocity fluctuations v'/| xV | ranged 
from 6% to 18% one hour after the bore passage in August-September-October 2015 (Table 5-1). 
The horizontal turbulence ratio vy'/vx' was between 0.42 and 0.85, with the vertical turbulence ratio 
vz'/vx' being between 0.35 and 0.5. Such values were comparable to laboratory observations in 
straight prismatic rectangular channels (NEZU and NAKAGAWA 1993, NEZU 2005). Overall 
vz'/vx' was about two-thirds of the horizontal turbulence intensity vy'/vx', and such a finding 
indicated some turbulence anisotropy during the flood tide motion. 
 
5.2 TURBULENT SHEAR STRESSES 
The turbulent Reynolds stress tensor was calculated as the product of velocity fluctuations times the 
water density. Herein the effect of suspended sediment load on fluid density was ignored and the 
turbulent velocity fluctuations v were calculated as: v = V - V , where V  is the low-pass filtered 
velocity component, or variable interval time average (PIQUET 1999, CHANSON and 
DOCHERTY 2012, REUNGOAT et al. 2015) (2). Typical data are show in Figure 5-3. The 
complete data sets are presented in Appendix H.  
The field data indicated large turbulent shear stresses, together with large and rapid fluctuations, 
during the passage of and the early flood tidal flow after the tidal bore, for all Reynolds stress tensor 
components. The measurements yielded turbulent shear stress levels significantly larger after the 
                                                 
2 The low-pass filtering was based upon a cut-off frequency Fcutoff = 2 Hz. The filtering was applied 
to all velocity components (App. H). The velocity fluctuations corresponded to the high-pass 
filtered signals. In previous field and laboratory studies of undular bores, a cutoff period 1/Fcutoff 
was selected between the undulation period and half the undulation period of the tidal bore (KOCH 
and CHANSON 2009, CHANSON et al. 2011, CHANSON and DOCHERTY 2012, REUNGOAT 
et al. 2014,2015). The same principle was applied to the present study. 
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tidal bore passage, compared to the late ebb flow All the data highlighted large magnitudes of 
instantaneous shear stresses after the bore passage, including about the passage of the 'backward' 
bore (Fig. 5-3). 
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(A) Normal stresses 
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(B) Tangential stresses 
Fig. 5-3 - Time-variations of instantaneous Reynolds stresses and water depth in the Arcins channel 
on 27 October 2015 - Time of passage of 'backward' bore at sampling site is shown 
 
For the present data set, maximum instantaneous normal shear stress amplitudes in excess of 150 Pa 
were recorded, as well as maximum instantaneous tangential stress magnitude up to more than 100 
Pa. Quantitatively as well qualitatively, the data were comparable to earlier tidal bore field data 
(CHANSON et al. 2011, REUNGOAT et al. 2014, KEEVIL et al. 2015). The results implied that 
the bore has the potential to scour the natural bed, because instantaneous Reynolds shear stress 
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amplitudes were more than one order of magnitude larger than the critical shear stress required to 
erode cohesive sediments, as well as the material yield stress c (section 3). For cohesive sediments, 
the critical shear stress to scour and re-suspend sediments is linked to the material yield stress 
(OTSUBO and MURAOKO 1988, VAN KESSEL and BLOM 1998). Recent field observations 
reported cohesive sediment yield stress between 5 Pa and 60 Pa (CHANSON et al. 2011, BROWN 
and CHANSON 2012, KEEVIL et al. 2015, Present study [Table 5-2]). Such yield stress values 
may be compared to critical shear stress data for cohesive sediment erosion between 0.1 Pa and 10 
Pa (SANCHEZ and LEVACHER 2008, JACOBS et al. 2011). Present Reynolds stress 
measurements demonstrated the potential of tidal bore to scour the channel bed material, to place 
into suspension and to advect upstream the sediment bed material and washload behind the bore 
during the early flood tide. 
 
5.3 SEDIMENTARY PROCESSES 
The time-variations of the suspended sediment concentration (SSC) were deduced from the acoustic 
backscatter amplitude data. Further water samples were collected next to the surface before and 
after tidal bore, and the data were analysed in laboratory subsequently. Typical data sets are 
presented in Figure 5-5 together with the water depth and longitudinal velocity data and the 
sediment concentrations of water samples collected on site and tested in laboratory afterwards. The 
full data sets are reported in Appendix E. 
The data showed some low SSC estimates at the end of the ebb tide and the findings were close to 
the water sample laboratory-tested data: that is, SSC < 2 kg/m3 typically (Table 5-2). The water 
samples yielded SSC  3 kg/m3 on average, immediately before the bore (Appendix E). For 
comparison, the water sample data yielded SSC of 5-7 kg/m3 before the bore in August 2015, and 
about 1 kg/m3 in October 2015 before the bore passage. The passage of the tidal bore was 
associated with a rapid increase in SSC levels together with large and rapid fluctuations in SSC 
estimates. After the bore, the water colour was dark brown, as illustrated in Figure 5-4. Figure 5-4 
presents water samples collected before and after the tidal bore. The passage of the 'backward' bore 
was also linked to large SSCs and SSC fluctuations (Fig. 5-5). The finding was consistent with the 
turbulent Reynolds stress data set (Fig. 5-3). During the mid flood tide, the SSC estimates tended to 
decrease, about 30-45 minutes after the bore passage. For all field studies, maximum SSC estimates 
were observed about 500-600 s after the bore passage, with maximum instantaneous SSC estimates 
up to 90-130 kg/m3 (Table 5-2). For comparison, the water sample analysis yielded maximum SSCs 
up to 67 kg/m3 (Appendix E). 
The SSC estimate data indicated some large sediment concentrations during the tidal bore as well as 
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during the 'backward' bore event (Fig. 5-5). The result was consistent with the visual observations 
of murky water during the bore event and they were close to the water sample data, although the 
latter were collected closer to the water surface. The data were also comparable other field 
observations (CHANSON et al. 2011, FAN et al. 2012, KEEVIL et al. 2015, FURGEROT et al. 
2016). All the water sample data are summarised in Figure 5-6, showing the water samples' 
suspended sediment concentration as a function of the relative time of passage of tidal bore on each 
collection day: i.e., t = 0 at bore passage time in Figure 5-6. 
Altogether, the entire data sets suggested: 
- very large SSC estimates during the passage of the tidal bore front as well as during the passage of 
the 'backward' bore; 
- some substantially large SSC estimate levels during the early flood tide for the entire record 
durations; and 
- a gradual increase in initial mean SSC estimate prior to the bore from 29 August to 1 September 
2015, which could be consistent with the thinner layer to sediment deposition on the river bank for 
the same period. 
 
Table 5-2 - Suspended sediment concentration and flux in the Arcins channel immediately prior to, 
during and immediately after the tidal bore in 2015 - Comparison with 2012 and 2013 observations 
 
Flow property    Date    
 7/6/12 19/10/13 29/8/15 30/8/15 31/8/15 1/9/15 27/10/15 
Froude number Fr1 1.02 1.27 1.18 1.34 1.70 1.38 1.33 
Initial flow conditions        
Initial water depth (m) (1) 2.72 2.05 1.685 1.25 1.12 1.28 1.24 
Initial SSC  (kg/m3) (2) 34.1 2.4 0.4 1.6 22.1 0.3 0.7 
Initial flux sq  (kg/m
2/s) (2) 11.6 0.25 0.04 0.16 0.01 0 0.05 
Very early flood tide (Tbore+20s)        
SSC  (kg/m3) (2) 32.8 25.9 57.9 64.7 54.9 49.8 54.0 
ssc' (kg/m3) 2.49 -- 8.25 7.24 7.66 7.51 8.64 
sq  (kg/m
2/s) -15.15 -20.5 -47.4 -53.8 -45.1 -41.8 -44.0 
qs' (kg/m2/s) 1.58 -- 8.54 8.97 6.68 7.14 7.84 
Early flood tide        
SSCmax (kg/m3) (2) 47.5 59.3 128.9 93.0 130.5 107.1 94.9 
Time after bore passage (s) 397 487 663 577 534 562 452 
(qs)max (kg/m2/s) -33.1 -73.4 -194.3 -152.0 -198.6 -131.1 -123.9 
Time after bore passage (s) 1862 457 616 248 534 529 134 
Flood tide (Tbore < t < Tbore+3600s)        
SSC  (kg/m3) (2) 31.7 31.55 68.0 38.5 35.6 40.5 25.9 



hour1T
T
x
bore
bore
dtVSSC  (kg/m2) 
-0.73×105 -0.80×105 -2.7×105 -1.5×105 -1.4×105 -1.4×105 -1.9×105 
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Notes: (1): at survey staff; (2): ADV data; Grey shaded data: OBS data (5 s average); Bold italic 
data: suspicious data. 
 
 
Fig. 5-4 - Photograph of sediment-laden water samples collected on 27 October 2015 respectively at 
14:00, 15:05 [before bore], 15:55, 15:59, 16:17 [after bore] (from right to left)- Tidal bore passage 
at 15:40- All samples were thoroughly mixed prior to the photograph 
 
The instantaneous suspended sediment flux per unit area qs was calculated from the instantaneous 
velocity and SSC estimate data:  
 qs = Vx × SSC (5-1) 
with qs and Vx positive in the downstream direction. Typical results are presented in Figure 5-7. All 
the sediment flux data indicated a downstream positive mass flux during the end of ebb tide (Fig. 5-
7). On average, the suspended sediment flux per unit area was less than 12.5 kg/m2/s prior to the 
tidal bore (Table 5-2). The tidal bore passage was characterised by a sudden sediment flux reversal 
and a sharp increase in sediment flux magnitude during the early flood tide. The sediment flux data 
qs presented also large and rapid fluctuations. Shortly after the bore passage, the instantaneous 
sediment flux per unit reached very large mean negative values up to -200 kg/m2/s (Table 5-2). For 
the first 60 minutes of the early flood tide, the sediment flux was about -49 kg/m2/s on average for 
all 5 events.  
 
55 
 
(A) On 31 August 2015 
 
(B) On 27 August 2015 
Fig. 5-5 - Time variation of water depth and SSC estimates in the Arcins channel, Garonne River in 
2015 - Comparison with the sediment-laden water sample data 
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Fig. 5-6 - Suspended sediment concentration of sediment-laden water samples collected at Arcins in 
August and October 2015 as a function of the relative time of passage of tidal bore on the collection 
day 
 
The suspended sediment flux data suggested further a two-stage bed erosion process. During the 
bore passage, surface erosion occurred initially, in the form of stripping and aggregate 
fragmentation (POUV et al. 2014, KEEVIL et al. 2015). The surface erosion took place because the 
fluid shear stresses exceeded the local strength of the bed, which was close to the apparent yield 
stress of the mud material (VAN KESSEL and BLOM 1998, JACOBS et al. 2011). The first stage 
was followed after some delay by mass erosion occurring rapidly (AMOS et al. 1992, POUV et al. 
2014). In the Arcins channel, delayed bulk erosion occurred about 5-15 minutes after the tidal bore 
(3). The two stages are highlighted in Figure 5-7 (black arrows). It is believed that the tidal bore 
propagation induced a massive shearing next to the bed surface, causing immediately some surface 
erosion, followed by delayed mass erosion. The process was consistent with the past and present 
observations of sediment upwelling and flocs bursting at the free-surface during the early flood tide. 
Typical photographs of sediment upwelling and sediment floc bursting are presented in Appendix 
B. 
A comparison between present and past observations (Table 5-2) suggested that: 
1- the suspended sediment flux was very significant on 29 August 2015, that is on the first day of 
tidal bore occurrence; 
                                                 
3 For comparison, POUV et al. (2014) observed bulk erosion about 7 to 40 min after the laboratory 
experiment start depending upon the experimental conditions. 
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2- the suspended sediment flux tended to  decrease from 29 August to 1 September 2015; 
3- the suspended sediment flux levels were larger in 2015 than in previous years (4); and 
4- the data suggested a two-stage bed scour process, with initially surface erosion followed by mass 
erosion. 
 
 
Fig. 5-7 - Time variation of suspended sediment flux per unit area, low-pass filtered SSC estimates 
(VITA) and water depth in the Arcins channel, Garonne River on 29 August 2015 - Arrows point to 
initial surface erosion and delayed mass erosion 
 
The sediment flux data qs were integrated with respect to time to yield the net sediment mass 
transfer per unit area during the first hour of the flood tide. The results are given in Table 5-2. The 
passage of the tidal bore and early flood tide induced a massive suspended sediment motion, 
advected upstream behind the bore. Assuming an uniform sediment flux across the Arcins channel, 
the time-averaged data for the first 3,600 s yielded a mass transport of about 500 tonnes of 
sediments per second in the 70 m wide channel. The large sediment concentration and suspended 
sediment flux data in the Garonne River during and after the tidal bore implied that a significant 
length of the estuarine section of the Garonne River was affected and the tidal bore process would 
mobilise an enormous amount of sediments. 
 
                                                 
4 Any comparison between present and earlier data in the Arcins channel must be considered with great care, 
because of the differences in instrumentation and type of data (instantaneous versus average): a SontekTM 
microADV sampled at 50 Hz in 2012, a D&A Instrument OBS-5+unit (averaged over 5 s) in 2013 and a 
NortekTM Vectrino+ ADV system sampled at 200 Hz in 2015. 
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Discussion 
All the field data highlighted the massive suspended sediment load during the early flood tide 
following the tidal bore passage. Figure 5-8 regroups the present results by showing the average 
suspended sediment flux per unit area a function of the mean suspended sediment concentration for 
the first hour after the tidal bore. In Figure 5-8, the present data are compared to prototype 
observations in tidal bores and field data recorded in major rivers during floods (5). 
Altogether the comparative data set highlighted the large suspended sediment fluxes per unit area 
and SSCs in the Garonne River tidal bore. While larger suspended sediment values were recorded in 
hyperconcentrated debris flows, the tidal bore data indicated significantly higher suspended 
sediment loads than in most rivers in flood. The high SSCs combined with the rheology data 
(section 3) implied that the flood tidal flow was likely non-Newtonian. 
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Fig. 5-8 - Mean suspended sediment flux per unit area sq  (kg/m
2/s) as function of the mean 
suspended sediment concentration SSC  after the tidal bore - Comparison between present tidal bore 
data (Garonne 2015, red symbols), past tidal bore data (Garonne 2010, 2012, 2013, blue symbols) 
and observations of major flood river data (solid black symbols) 
                                                 
5 Figure 5-8 includes suspended sediment load data in the Garonne River tidal bore in 2010, 2012, 2013 and 
2015, and in major river systems during floods including the Amazon, Mississippi, Nile, Brisbane, Fitzroy 
and Yellow Rivers. 
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6. DISCUSSION: TURBULENT EVENT ANALYSIS 
6.1 PRESENTATION 
While fluctuating turbulence is often represented by its statistical moments, turbulence is not a 
Gaussian process, in particular in Nature. Many turbulent flows are often dominated by coherent 
structure activities and turbulent events. A turbulent event may be defined as a series of turbulent 
fluctuations that contain more energy than the average turbulent fluctuations within a studied data 
section (KLINE et al. 1967, RAO et al. 1971). Turbulent event analyses were successfully applied 
to laboratory open channel flows (NAKAGAWA and NEZU 1981, KANANI and DA SILVA 
2015), wind tunnel studies (OSTERLUND et al. 2003), atmospheric boundary layer flows 
(FINNIGAN 2000, NARASIMHA et al. 2007) and estuarine flows (TREVETHAN and CHANSON 
2010). They were however never applied to unsteady rapidly open channel flows like tidal bores. 
Herein the detection of turbulence bursting events was based upon the technique of NARASIMHA 
et al. (2007). While it differs from more traditional event detection techniques (JOHANSSON and 
ALFREDSSON 1982, OSTERLUND et al. 2003), it was found to be a well-suited and robust 
method applicable to tidal bore flow. The method detects bursting events by comparing the absolute 
value of an instantaneous turbulent flux q (e.g. q = vx×vz) with the standard deviation q' of that flux 
over the data section: namely a turbulent event occurs when: 
 q'kq   (6-1) 
where q  is the absolute value of the instantaneous flux q, k is a positive constant setting the 
threshold and q' is the standard deviation of the flux. NARASIMHA et al. (2007) and 
TREVETHAN and CHANSON (2010) conducted a sensitivity analysis on the threshold k. The 
outcomes yielded k =1 which was selected herein. 
In the present study, the turbulent Reynolds stress components vx×vy, vx×vz and suspended 
sediment concentration fluxes vx×ssc, vz×ssc were analysed, where vi = Vi- iV  (i = x, y, z) and ssc = 
SSC-SSC, with iV  and SSC being the low-pass filtered velocity and suspended sediment 
concentration respectively (1). The standard deviation of the flux q' was calculated as: q' = 
2/1
2)qq(  , where each overbar denotes a low-pass filtering process. 
For each data set, the information of each detected event was summarised including the event 
start/finish times, duration , dimensionless flux amplitude A and relative magnitude m. The event 
properties were used to compare individual turbulent events within a data set. Figure 6-1 shows four 
                                                 
1 The low-pass filtering was based upon a cut-off frequency Fcutoff = 2 Hz, as used to calculate the 
Reynolds shear stresses (App. H). The fluctuations corresponded to the high-pass filtered signals. 
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isolated events and introduces a number of basic definitions. The event duration  is the time 
interval between the "zeroes" in momentum flux (e.g. q = vx×vz), nearest to the sequence of data 
points satisfying Equation (6-1). The dimensionless amplitude A of an event is the ratio of the 
averaged flux amplitude during the event to the long-term mean flux of the entire data section: 
 

 dtq
q1A  (6-2) 
where q  is the low-pass filtered component of the flux fluctuation and dt = 1/ scanf  ( scanf  = 200 Hz). 
The relative contribution of an event to the total momentum flux of the data section is called the 
relative magnitude m defined as: 
 
T
Am   (6-3) 
where T is the duration of the data set (2). This technique was applied to the momentum fluxes 
vx×vy, vx×vz and to the suspended sediment concentration fluxes vx×ssc and vz×ssc. 
The turbulent event properties may be presented as a time-series of the dimensionless flux 
amplitude. Such a presentation shows the duration and dimensionless amplitude of each event in a 
simplified format (e.g. Fig. 6-2). Figure 6-2 presents a time series of dimensionless event amplitude 
of vx×vz on 31 August 2015. For this 3 s long time series, the results show both positive and 
negative amplitude events, each event corresponding to a rectangular pulse. In Figure 6-2, the pulse 
width is the event duration  and it height is the event amplitude A, while the area beneath is 
proportional to the event magnitude m. 
                                                 
2 The dimensionless event magnitude was calculated based upon Equation (6-3), with the calculation 
duration T equals to 0.5 s: that is, the inverse of the cut-off frequency used in the low-pass filtering process. 
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Fig. 6-1 - Turbulent flux event definitions and momentum flux data collected by the ADV system 
on 29 August 2015 - The data highlight four turbulent events 
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Fig. 6-2 - Variation with time of dimensionless event amplitude of detected turbulent events for flux 
vx×vz on 31 August 2015 
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6.2 BASIC RESULTS 
The event amplitude and event duration for momentum fluxes vx×vy and vx×vz, and suspended 
sediment concentration fluxes vz×ssc and vy×ssc, were calculated for the velocity data sets collected 
on 29, 31 August and 27 October 2015. Typical results are shown in this section. Complete data 
sets are reported in Appendix I. Normal momentum flux vx×vx data are shown in Appendix J. The 
normalised probability density functions (PDFs) of event duration and amplitude were analysed for 
the entire sampling duration on each day. Typical results for vx×vy, vx×vz and vz×ssc are presented 
in Figures 6-3 and 6-4. In Figure 6-3, the event duration PDF data are shown with logarithmic 
scales for both axes. 
The results highlighted a skewed distribution of event duration with a well-defined mode, consistent 
for all fluxes measured on 29, 31 August and 27 October. The event duration of data collected on all 
days ranged from 0.002 to 2 s, with some extreme events longer than 2 s (less than 3×10-4 %) 
observed on 31 August (3). The majority of the events (~60%) lasted less than 0.01 s, and only 0.2% 
of events had a duration longer than 0.1 s. In Figure 6-3, the normalised probability density function 
showed a linear decrease with increasing event duration between 0.04 to 0.3 s, which was best 
correlated by: 
 KlogBPlog 1010   (0.04 s <  < 0.3 s) (6-4) 
where τ is the event duration, P is the probability density function, B and K are constants with B 
varying between -6 to -8 and K varying between -3.5 to -4.5. This was consistent for the entire data 
sets (29, 31 August and 27 October). 
The event amplitude for the entire data set showed a bi-modal distribution for all flux data, with a 
mean value close to 0 (e.g. Fig. 6-4). The higher mode with probability of 6% to 10% was 
associated with positive event amplitudes ranging from 2 to 3. The lower mode was associated with 
negative event amplitudes between -2 to -3, and a probability about 3-4%. The event amplitude data 
showed that the majority of the events were associated with positive amplitudes for all fluxes. 
However, negative events and positive events had amplitude magnitude of the same order of 
magnitude. 
                                                 
3 It is acknowledged that the low-pass filtering cutoff frequency of 2Hz might influence the upper range of 
data. 
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(A) Momentum flux vx×vy 
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(B) Momentum flux vx×vz 
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(C) Suspended sediment concentration flux vz×ssc 
Fig. 6-3 - Normalised probability density functions of event duration for the momentum fluxes 
vx×vy and vx×vz, and suspended sediment concentration flux vz×ssc on 31 August 2015 
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(A) Momentum flux vx×vy 
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(B) Momentum flux vx×vz 
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(C) Suspended sediment concentration flux vz×ssc 
Fig. 6-4 - Normalised probability density functions of event amplitude for the momentum fluxes 
vx×vy and vx×vz, and suspended sediment concentration flux vz×ssc on 31 August 2015 
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The relationship between event amplitude and duration was investigated for the data sets on 29, 31 
August and 27 October. Figure 6-5 shows typical results in terms the momentum fluxes vx×vy, 
vx×vz and suspended sediment concentration flux vz×ssc, for all events detected throughout the 
sampling duration on 31 August 2015. For all flux data collected on the three days, the event 
duration ranged from 0.02 s to 2.5 s, and the event amplitude ranged from -1×107 to 1×107. The 
normalised probability density function of events with duration longer than 0.1 s and magnitude of 
amplitude greater than 100 was very small: i.e., less than 0.2%. In Figure 6-5, the data feature 
events with duration less than 0.05 s and amplitude magnitude less than 1000. The complete dataset 
is presented in Appendix I. 
For all fluxes collected on the three days, the relationship between event amplitude and duration 
showed a diamond-like shape, symmetrical about the horizontal axis (event duration) for the 
majority (over 99.8%) of the data. The event amplitude magnitude increased with event duration, 
for event duration of less than 0.01 s. For  > 0.01 s, the event amplitude magnitude decreased with 
increasing event duration. The results implied maximum event amplitudes associated with event 
durations of approximately 0.01 s. Extremely long events, with over 2 s duration, were associated 
with small amplitude magnitude between 0 and 10. The symmetrical shape of the data sets indicated 
an equal percentage of positive and negative events. The tangential momentum flux vx×vy data 
showed a large scatter towards higher values of amplitude and duration (Fig. 6-5A), while the 
momentum flux vx×vz data presented a more concentrated data distribution towards the line of 
symmetry(Fig. 6-5B). The suspend sediment flux vz×ssc data were associated with large data scatter 
(Fig. 6-5C). 
Since the propagation of tidal bore in a natural river is a highly unsteady and turbulent process, the 
time-variations of turbulent event duration and amplitude were analysed with respect to the time-
variations of the free-surface elevation and bore passage. Typical results were presented in Figure 
6-6. For all momentum and suspended sediment fluxes, large fluctuations in event amplitude and 
durations were observed throughout the entire sampling duration. For the data collected on 29 and 
31 August 2015, the event duration for all fluxes showed an abrupt peak with values in excess of 2 s 
shortly after the bore passage (4) (Fig. 6-6A). No obvious peak in duration was observed in the 
measurements for 27 October. Such extremely long events were associated with comparatively 
small magnitude of amplitude: i.e., less than 1. 
 
                                                 
4 These very long duration events were observed between the tidal bore passage and 'backward' bore arrival. 
Thus they were not linked to the 'backward' bore itself. 
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(A) Momentum flux vx×vy 
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(B) Momentum flux vx×vz 
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(C) Suspended sediment concentration flux vz×ssc 
Fig. 6-5 - Relationship between event amplitude and event duration for the momentum fluxes vx×vy 
and vx×vz, and suspended sediment concentration flux vz×ssc on 31 August 2015 
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As observed in Figure 6-6, the peak in event duration seemed to be associated with the rapid 
increase of suspended sediment concentration and rapid increase in the suspended sediment flux 
magnitude, shortly after the bore passage (~ 100 to 400 s). A previous discussion on the suspended 
sediment flux data suggested a two-stage erosion process during the tidal bore propagation (Fig. 5-5 
and 5-7), corresponding to an initial surface erosion (POUV et al. 2014, KEEVIL et al. 2015) and 
some delayed bulk mass erosion (AMOS et al. 1992, POUV et al. 2014). In Figure 6-6, these two 
stages are clearly marked by the consecutive negative peaks in the suspended sediment flux data 
and positive peaks in the low-pass filtered SSC data, shortly after the bore passage. On 29 August 
2016, the maximum event duration was associated with the second stage of erosion, whereas the 
maximum event duration on 31 August was associated with the first stage of erosion. Although the 
flux data measured on 27 October showed consistently a two-stage erosion process, no marked peak 
in event duration was observed then. Overall, the data suggested the possibility of long-lasting 
turbulent events occurring simultaneously with sediment erosion processes during tidal bore 
passage. 
A more detailed summary of time-average statistics are presented in Table 6-1, for different phases 
throughout a full sampling duration. Statistical properties were calculated for three distinct phases: 
the initial flow phase (or late ebb flow) defined as the flow period immediately prior to the bore 
arrival, the very early flood tide phase defined as the rapid-varying flow period about 20 s after the 
bore passage, and the flood tide phase defined as the gradually-varying flow period about one hour 
after the tidal bore passage. In Appendix I, Table I-1 presents more detailed statistics for the 
complete datasets on 29, 31 August and 27 October. 
The turbulent event statistics showed a similar number of events for all fluxes throughout the entire 
sampling duration: i.e., before, during and after the bore passage. For all fluxes, the median event 
durations were of the same order of magnitude: i.e.,   0.01 s to 0.03 s. The very-early flood tide 
phase was associated with slightly longer event durations for all fluxes, while the late ebb flow and 
flood tide motion were associated with events of about similar average duration. Compared to a 
previous field study, the median event duration was herein smaller, even during the very-early flood 
tide phase. In a micro-tidal estuary, TREVETHAN and CHANSON (2010) reported an average 
dimensionless event duration: d/Vx   0.07. The dimensionless event duration in the present 
study was two to three orders of magnitude shorter, namely between 10-5 and 10-4. Laboratory 
observations of dye concentration bursting events in a laboratory open flume yielded dimensionless 
burst durations between 0.06 and 0.07 (RAHMAN 2002). In the Garonne River, the very short 
event duration revealed the highly fluctuating nature of the flow and the bursting characteristics of 
the turbulent events associated with tidal bore propagation. 
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(A) Event duration of suspended sediment flux vx×ssc on 29 August 2015 
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(B) Event duration of suspended sediment flux vx×ssc on 31 August 2015 
Fig. 6-6 - Time variation of instantaneous event duration of suspended sediment flux vx×ssc on 29 
and 31 August 2015 - Comparison with water depth, low-pass filtered SSC (solid black line) and 
suspended sediment flux per unit area qs (dashed blue line) 
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Table 6-1 - Statistical properties of turbulent events during the late ebb tide flow, very early flood 
tide and flood tide phases on 31 August 2015 for the momentum fluxes vx×vz, vx×vy and suspended 
sediment concentration flux vz×ssc. 
 
Total sampling duration (s) 10,835 
Initial water depth (m) 1.12 
Froude number Fr1 1.7 
 vxvz vxvy vz×ssc vx×ssc 
Total number of events 201,619 268,921 271,955 283,966 
Initial flow conditions (1)     
Median event amplitude 2.29 3.88 4.26 4.36 
Standard deviation of event amplitude 2269.09 1893.42 3732.49 2256.61 
Median event duration (s) 0.02 0.01 0.01 0.01 
Standard deviation of event duration 0.02 0.01 0.01 0.01 
Very early flood tide (Tbore+20 s) (2)     
Median event amplitude 2.24 2.32 2.68 2.59 
Standard deviation of event amplitude 305.61 94.55 517.85 138.47 
Median event duration (s) 0.03 0.03 0.02 0.02 
Standard deviation of event duration 0.06 0.03 0.04 0.04 
Flood tide (Tbore+3600 s) (3)     
Median event amplitude 3.26 3.82 4.20 4.31 
Standard deviation of event amplitude 507.38 3464.41 2153.20 1100.79 
Median event duration (s) 0.02 0.01 0.01 0.01 
Standard deviation of event duration 0.01 0.01 0.01 0.01 
 
Notes: (1): calculated based upon the first 60,000 events measured before the bore passage; (2): 
calculated based upon the first 600 events after the rapid rise of the free-surface (approximately 20 s 
after bore passage); (3): calculated based upon the first 32,000 events at 3600 s after bore passage. 
 
The turbulent event amplitude of all fluxes was associated with very large fluctuations. The 
standard deviation of event amplitude for all fluxes ranged from 500 to 20,000, regardless of the 
flow phase: it was orders of magnitude higher than the median value. The median amplitude for all 
fluxes and all flow phases were between 2 to 5, with the initial and flood tide phase typically 
associated with higher median amplitude. In comparison to the data of TREVETHAN and 
CHANSON (2010), the present study documented median event amplitudes of the same order of 
magnitude, but the standard deviation of the event amplitude detected in the present study was two 
orders of magnitudes larger than that of TREVETHAN and CHANSON (2010) for most 
momentum fluxes. 
Further investigations were conducted into the probability density function of event duration and 
amplitude for fluxes during different flow phases (initial flow, very early flood tide and flood tide). 
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Figures 6-7 and 6-8 show respectively the event duration and amplitude data for momentum flux 
vxvz on 31 August 2015. In Figures 6-7A and 6-7C, the normalised probability density functions of 
event duration during the late ebb and flood tide phases were very similar, and comparable to 
results presented in Figure 6-3B. In contrast, the PDF of event duration during the very early flood 
tide phase showed a number of differences (Fig. 6-7B). Namely larger probabilities (~ 4%) were 
observed corresponding to longer event durations (greater than 0.2 s) immediately after the tidal 
bore passage. The relationship between probability and event duration followed Equation (6-4), 
albeit for a much shorter range of event duration (0.03 s <  < 0.1 s), with a smaller gradient B. 
The normalised probability density functions of event amplitudes showed self-similar shapes during 
the three flow periods (Fig. 6-8). The results were consistent on each day for the entire sampling 
duration (Fig. 6-4B). For all three flow phases, the majority of event amplitudes were positive, with 
a larger ratio of positive to negative event number during the initial flow phase (Fig. 6-8A). The 
very early flood tide phase was associated with high probabilities of large amplitude magnitudes, 
especially negative event amplitudes. The flood tide phase showed similar shape of probability 
distribution as observed in the initial flow phase, but with a much smaller ratio between the 
proportion of positive and negative events. 
The dimensionless event magnitude was calculated based upon Equation (6-3), with the calculation 
duration T equals to 0.5 s: that is, the inverse of the cut-off frequency used in the low-pass filtering 
process. Figure 6-9A shows typical probability density functions of event magnitude for fluxes 
vx×vz measured on 31 August 2015, with a detailed zoomed view shown in Figure 6-9B. A 
complete dataset is presented in Appendix I. Overall, the PDF of event magnitude showed log-
normal distributions for all fluxes. The majority of events (over 95.5%) were associated with a 
magnitude range of -2 to 2, for all fluxes measured on all days. The shape of the PDF compared 
well with the previous study of TREVETHAN and CHANSON (2010), albeit with a much wider 
magnitude range with high probability. The present study also showed two modes, one positive and 
on negative, with the negative mode having a lower probability density (Fig. 6-9B). This is 
consistent with the PDF for event amplitude (Fig. 6-4). 
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(A) End of ebb tide 
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(B) Very early flood tide 
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(C) Flood tide 
Fig. 6-7 - Normalised probability density functions of event duration for the momentum flux vxvz 
during the late ebb tide flow, very early flood tide and flood tide phases on 31 August 2015 
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(A) End of ebb tide 
Event amplitude
PD
F
-50 -40 -30 -20 -10 0 10 20 30 40 50
0
0.025
0.05
0.075
0.1
0.125
0.15
0.175
0.2
 
(B) Very early flood tide 
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(C) Flood tide 
Fig. 6-8 - Normalised probability density functions of event amplitude for the momentum flux 
vx×vz during the late ebb tide flow, very early flood tide and flood tide phases on 31 August 2015 
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Fig. 6-9 – Normalised probability density function of dimensionless event magnitude m: (A) 
momentum fluxes vx×vz, and (B) a zoomed view of (A); on 31 August 2015 (histogram interval: 
0.05). 
 
6.3 CONCLUDING REMARKS 
A turbulent flux event analysis was performed for the entire data sets. This analysis is based upon 
basic concepts, in which turbulent bursting events were defined in terms of the instantaneous 
turbulent flux. The method was extended to the rapidly-varied, highly-unsteady tidal bore flood 
flow motion. 
The turbulent event data showed relatively close results for all studies and all fluxes: 
1- a very-large majority of turbulent events had a duration less than 0.01 s; 
2- there were on average 20 turbulent events per second; 
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3- for all studies, the event duration showed some tidal trend, with longer turbulent events 
immediately after the tidal bore passage, occurring simultaneously with sediment erosion processes; 
and 
4- a comparison between present data and a field study in a micro-tidal estuary (TREVETHAN and 
CHANSON 2010) showed shorter dimensionless event durations, larger event amplitudes and 
magnitudes. 
Altogether the present analysis suggested that the turbulent event analysis is a relatively simple 
approach applicable to rapidly-varied tidal bore flow. It provides quantitative details into the 
turbulent bursts that are responsible for major mixing and sedimentary processes. 
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7. CONCLUSION 
The tidal bore of the Garonne River was extensively investigated in the Arcins channel between 
2010 and 215 with a focus on turbulent and suspended sedimentary processes. The aim of the 
present study was to comprehend the temporal evolution of hydrodynamics and sediment processes 
in a tidal bore affected estuarine zone during a spring tide period. This was achieved by conducting 
comprehensive observations encompassing hydrodynamics and turbulence, sedimentology and 
transport. In 2015, new field measurements were repeated systematically at the same site on 29 
August, 30 August, 31 August and 1 September 2015, and again on 27 October 2015 (Fig. 7-1). 
Instantaneous velocity measurements were performed continuously at high-frequency (200 Hz) 
prior to, during and after each afternoon tidal bore. Instantaneous sediment concentration and 
suspended sediment flux data were derived from a calibration of acoustic backscatter, carefully 
checked against water sample concentrations. These data were complemented by a detailed 
characterisation of the sediment materials, inclusive of granulometry and rheology of bed material 
and suspended sediment samples. 
The sediment analyses showed consistent results with past field experiments, although the 
successive measurements during consecutive days (29 August-1 September) showed some temporal 
trend linked with the occurrence of tidal bore: (a) the bed material granulometry data showed a 
progressively broader grain size distribution associated with some increase in median sediment size; 
and (b) the apparent yield stress and effective viscosity of bed materials increased over the first four 
days of tidal bore occurrence. It is suggested that the bed erosion during the tidal bore and early 
flood tide, and the subsequent deposition during the late flood tide and ebb tide, might have 
contributed to some mixing of different sediments sources, thus changing progressively the bed 
material characteristics between 29 August and 1 September 2015. 
The tidal bore had a marked effect on the velocity field, including a rapid flow deceleration and 
flow reversal during the bore passage, followed by large and rapid fluctuations of all velocity 
fluctuations during the early flood tide. The maximum flow deceleration ranged from -0.65 m/s to 
almost -1.4 m/s. The early flood flow motion was very energetic. About 100 s to 300 s after the bore 
front, some strong free-surface wave motion was observed, associated with large oscillations of 
both horizontal and vertical velocity components with dominant periods about 1.3 s to 1.5 s. The 
turbulent Reynolds stress data indicated large shear stresses, together with large and rapid 
fluctuations, during the tidal bore passage and the early flood tide, for all stress tensor components. 
The measurements yielded turbulent stress levels significantly larger after the tidal bore passage, 
compared to the late ebb flow. A turbulent flux event analysis was further performed for the entire 
data sets, in which turbulent bursting events were defined in terms of the instantaneous turbulent 
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flux. The turbulent event data showed relatively close results for all studies and all fluxes, and 
provided quantitative details into the turbulent bursting processes that are responsible for major 
mixing and sedimentary processes. 
The suspended sediment concentration (SSC) data indicated: (a) very large SSC estimates during 
the passage of the tidal bore front as well as during the passage of the 'backward' bore; (b) 
substantially large SSC estimate levels during the early flood tide for all the entire record durations; 
and (c) a gradual increase in initial mean SSC estimate prior to the bore from 29 August to 1 
September 2015, which could be consistent with the thinner layer to sediment deposition on the 
river bank for the same period. 
A comparison between present and past suspended sediment flux data showed that: (a) the 
suspended sediment flux was very significant on 29 August 2015, i.e. on the first day of tidal bore 
occurrence, and decreased from 29 August to 1 September 2015; (b) the suspended sediment flux 
levels were larger in 2015 than in previous years, although any comparison must be considered with 
great care because of differences in instrumentation and data type; (c) at each tidal bore event, the 
data indicated a two-stage bed scour process: surface erosion initially, in the form of stripping, 
followed by delayed mass erosion, occurring about 5-15 minutes after the tidal bore; and (d) the 
sediment flux data yielded a mass transport of about 500 tonnes of sediments per second in the 
channel, in average for the first hour of flood tide, assuming an uniform sediment flux across the 
Arcins channel. 
To the best of our knowledge, this study is the first detailed characterisation of turbulent 
sedimentary processes across consecutive days with such fine temporal and spatial resolutions: i.e., 
continuous sampling at 200 Hz in a small control volume O(5 mm). The work culminates a 5-year 
research project at the same site, showing a progressive siltation of the Arcins channel during the 
last three years. 
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Fig. 7-1 - Garonne River tidal bore propagation in the northern / upstream end of Arcins channel on 
on 31 August 2015 
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APPENDIX A - LIST OF FIELD WORK PARTICIPANTS (FIELD STUDY 
G15, 29-31 AUGUST-1 SEPTEMBER 2015 AND 27 OCTOBER 2015) 
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Hubert CHANSON 
Xinqian LENG 
Valérie THOUARD 
Pierre LUBIN 
Frédéric DANEY 
Sandrine DUBOIS 
Jean-Christophe BATSALE 
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Audrey DUPHIL 
Julien DEBORDE 
Joris PICOT 
Cédric LEBOT 
Audrey PONS 
Armand FRICHOT 
Noémie DUCÉRÉ 
Joelle RISS 
Antoine LEMOINE 
Cécile GABORIEAU 
YingYing YANG 
Stéphanie BONTEMPS 
Maryan ANTOS 
Delphine PUYO 
Gérard LEBRETON 
Matthias KRAMER 
Frédérique LARRARTE 
Marie BECHET-LARRARTE 
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(A) Armand FRICHOT and Pierre LUBIN on 29 August 2015 
 
(B) David REUNGOAT and Valérie THOUARD on 29 August 2015 
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(C) Sandrine DUBOIS and Xinqian (Sophia) LENG on 29 August 2015 
 
(D) Cédric LEBOT and Julien DEBORDE on 30 August 215 
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(E) Fred DANEY on 30 August 2015 
 
(F) Sampling by Augustin BATSALE, Xinqian (Sophia) LENG, David REUNGOAT, Jean-
Christophe BATSALE and Pierre LUBIN (from left to right) 
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(G) David REUNGAT, Kerian LUBIN and Pierrig LUBIN on 31 August 2015 
 
(H) Julien DEBORDE and Joelle RISS on 31 August 215 
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(I) Joris PICOT, Antoine LEMOINE, Xinqian (Sophia) LENG and Pierre LUBIN 
 
(J) Retrieval of ADV system on 1 September 2015 - David REUNGOAT and Pierre LUBIN in the 
water; Xinqian (Sophia) LENG in the foreground with Hubert CHANSON and Joelle RISS behind 
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(K) Noémie DUCÉRÉ and Antoine LEMOINE on 31 August 2015 
 
(L) Pierre LUBIN and David REUNGOAT on 31 August 2015 
Fig. A-1 - Photographs of field work participants on 29-31 August-1 September 2015 
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Fig. A-2 - Photographs of field work participants on 27 October 2015 - Matthias KRAMER (Top 
left), Pierre LUBIN (Top right), Marie BECHET-LARRARTE (Middle left), David REUNGOAT 
(Middle right), Gérard LEBRETON and Frédérique LARRARTE (Bottom) 
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(A) Group photograph on Sunday 30 August 2015 
 
 
(B) Group photograph on Monday 31 August 2015 
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(C) Group photograph on Tuesday 1 September 2015 evening 
 
(D) Group photograph on Tuesday 27 October 2015 evening 
Fig. A-3 - Group photographs of the participants 
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APPENDIX B - PHOTOGRAPHS OF THE FIELD STUDY G15 (29-31 
AUGUST-1 SEPTEMBER 2015 AND 27 OCTOBER 2015) 
B.1 FRIDAY 28 AUGUST 2015 
 
(A) Looking downstream on 28 August 2015 during the ebb tide about 12:30 
 
(B) Looking upstream from the pontoon on 28 August 2015 during the ebb tide about 12:30 
Fig. B-1 - Sampling site on the Garonne River between Arcins Island and Latresne on 28 August 
2015 before the tidal bore 
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(A) Looking downstream on 28 August 2015 during the very flood tide about 15:31 - Note the 
absence of tidal bore 
 
(B) Looking upstream on 28 August 2015 during the very early flood tide about 15:33 - Note the 
small tidal bore propagating upstream in the southern part of the channel 
Fig. B-2 - Flow reversal and very early flood tide on the Garonne River between Arcins Island and 
Latresne on 28 August 2015 
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B.2 SATURDAY 29 AUGUST 2015 
 
(A) Tidal bore entering the Arcins channel at 16:25 - Note the surfer (Frédéric DANEY) for scale 
 
(B) Upstream propagation of the bore along Arcins Island 
 
(C) Undular tidal bore advancing towards the sampling site 
B-4 
  
  
  
(D) Tidal bore propagation in front of sampling site about 16:28 - From left to right, top of bottom, 
with 1.04 s between shot 
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(E) Undular bore past the sampling site - The surfer (Fred DANEY) was riding ahead of the first 
wave crest 
 
(F) Tidal bore and entering bore near the southern/upstream end of the Arcins channel about 16:32 - 
The surfer is barely seen shortly before tidal bore collision 
Fig. B-3 - Tidal bore in the Arcins channel (Garonne River) between Arcins Island and Latresne on 
29 August 2015 
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Fig. B-4 - Large-scale scars and boils at the free-surface of the Arcins channel (Garonne River) on 
29 August 2015 during the flood tide - Looking downstream about 17:03 
 
 
B.3 SUNDAY 30 AUGUST 2015 
 
(A) Tidal bore formation at the northern / downstream end of the Arcins channel at 17:15 
B-7 
 
 
(B) Tidal bore propagation in the northern / downstream end of the Arcins channel 
  
(C) Bore propagation downstream of the sampling point 
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(D) Tidal bore propagation in front of sampling site about 17:17 - From left to right, top of bottom, 
with 1.04 s between shot 
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(E) Tidal bore propagation upstream of sampling site 
Fig. B-5 - Tidal bore in the Arcins channel (Garonne River) between Arcins Island and Latresne on 
30 August 2015 
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(A) Tidal bore and entering bore near the southern/upstream end of the Arcins channel about 17:20 
 
 
 
(B) Tidal bore collision near the southern/upstream end of the Arcins channel about 17:21 -Note the 
black coloured standing wave - 0.84 s between the first and second photographs, and 0.48 s 
between second and third photographs 
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(C) Downstream propagation of backward bore between the Arcins Island and right bank at 17:25 
(Top) and 17:27 (Bottom)- Arrow points to backward bore front alongside Arcins Island 
Fig. B-6 - Tidal bore collision and backward bore propagation in the Arcins channel (Garonne 
River) on 30 August 2015 
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B.4 MONDAY 31 AUGUST 2015 
 
 
 
(A) Tidal bore formation at the northern / downstream end of Arcins channel about 18:00 - Note the 
Airbus barge carrying an Airbus A380 fuselage section in the background; the barge travelled from 
Bordeaux to Langon during the early flood tide 
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(B) Tidal bore propagation in the northern / upstream end of Arcins channel 
B-14 
  
  
  
(C) Tidal bore propagation in front of sampling site about 18:05 - From left to right, top of bottom, 
with 1.04 s between shot 
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(D) Tidal bore propagation upstream of sampling site 
Fig. B-7 - Tidal bore in the Arcins channel (Garonne River) between Arcins Island and Latresne on 
31 August 2015 
 
 
 
(A) Tidal bore and entering bore near the southern/upstream end of the Arcins channel about 18:08 
- Arrows point to entire bore at the southern/upstream end of the Arcins channel 
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(B) Tidal bore collision near the southern/upstream end of the Arcins channel about 18:09 
 
 
B-18 
 
(C) Downstream propagation of backward bore - Arrows point to the backward bore front 
  
(D) Downstream propagation past sampling point along left and right banks about 18:14 - Arrows 
point to the backward bore front 
Fig. B-8 - Tidal bore collision and backward bore propagation in the Arcins channel (Garonne 
River) on 31 August 2015 
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Fig. B-9 - Surface scars during a rainfall period during the early flood tide in the Arcins channel 
(Garonne River) on 31 August 2015 about 18:15, looking downstream 
 
B.5 TUESDAY 1 SEPTEMBER 2015 
 
 
(A) Tidal bore formation at the northern / upstream end of Arcins channel about 18:46 
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(B) Tidal bore propagation in the northern / downstream end of Arcins channel 
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(C) Tidal bore propagation in front of sampling site about 18:51 - From left to right, top of bottom, 
with 1.04 s between shot 
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(D) Tidal bore propagation upstream of sampling site  
Fig. B-10 - Tidal bore in the Arcins channel (Garonne River) between Arcins Island and Latresne 
on 1 September 2015 
 
 
(A) Tidal bore and entering bore near the southern/upstream end of the Arcins channel about 18:54 
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(B) Tidal bore collision near the southern/upstream end of the Arcins channel about 18:55 
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(C) Downstream propagation of backward bore - Arrows point to the backward bore front 
 
(D) Downstream propagation past sampling point along Arcins Island about 19:00 - Arrow points to 
the backward bore front 
Fig. B-11 - Tidal bore collision and backward bore propagation in the Arcins channel (Garonne 
River) on 1 September 2015 
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B.6 MONDAY 26 OCTOBER 2015 
 
(A) Looking downstream at 14:46:38 
 
(B) Looking downstream at 14:47:38 
 
(C) Bore propagation from right to left at 14:48:14 
Fig. B-12 - Tidal bore propagation past the sampling location in the Arcins channel (Garonne 
River) on 26 October 2015 - Looking downstream, the ADV sampling location being on the right 
pontoon 
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B.7 TUESDAY 27 OCTOBER 2015 
 
(A) Tidal bore formation at the northern / upstream end of Arcins channel about 15:33 
 
 
B-29 
 
(B) Tidal bore propagation in the northern / downstream end of Arcins channel 
  
  
B-30 
  
(C) Tidal bore propagation in front of sampling site about 15:37 - From left to right, top of bottom, 
with 0.96 s between shot 
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(D) Tidal bore propagation upstream of sampling site  
Fig. B-13 - Tidal bore in the Arcins channel (Garonne River) between Arcins Island and Latresne 
on 27 October 2015 
 
 
(A) Tidal bore and entering bore (black arrow) near the southern/upstream end of the Arcins 
channel about 15:40 
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(B) Tidal bore collision near the southern/upstream end of the Arcins channel about 15:41 
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(C) Downstream propagation of backward bore - Arrows point to the backward bore front 
Fig. B-14 - Tidal bore collision and backward bore propagation in the Arcins channel (Garonne 
River) on 27 October 2015 
 
B.8 WEDNESDAY 28 OCTOBER 2015 
 
(A) At 16:23:05 
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(B) At 16:24:04 
 
(C) At 16:24:06 
 
(D) At 16:24:16 
B-35 
 
(E) At 16:24:17 
Fig. B-15 - Tidal bore propagation past the sampling location in the Arcins channel (Garonne 
River) on 28 October 2015 - Looking downstream, the ADV sampling location being on the right 
pontoon 
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APPENDIX C - GRANULOMETRY OF SEDIMENT SAMPLES 
COLLECTED IN THE ARCINS CHANNEL (GARONNE RIVER STUDY 
G15) 
C.1 PRESENTATION 
Garonne River bed materials were collected at low tide on 29 August, 30 August, 31 August, 1 
September and 27 October 2015 afternoons, next to the right bank at Arcins (Fig. C-1). The soil 
samples consisted of soft and fine mud and silt materials. They were collected on the stream bed 
just above the water surface mark at the end of ebb tide (Fig. C-1). The samples were taken on the 
right bank, less than one hour before the tidal bore passage. The same people collected the sediment 
samples on all five days (Fig C-1). In August-September 2015, they noted that the layer of soft mud 
became thinner over the four days period. The granulometry results are presented below and the 
rheometry analyses are discussed in Appendix D. 
In addition, a number of sediment-laden water samples were collected at Arcins in the Garonne 
River on 29 August, 30 August, 31 August, 26 October, 27 October and 28 October 2015 before 
and after the tidal bore. The water samples were collected about 0.1 m below the water surface (1). 
The sediment granulometry of a number of water samples were tested. The suspended sediment 
concentration data are discussed in Appendix E. 
The sediment sample granulometry was measured with a MalvernTM laser Mastersizer 2000 with 
Hydro 3000SM dispersion unit for wet samples. The sample was mixed mechanically, since the 
data of REUNGOAT et al. (2012,2014) showed little difference between mechanical and ultrasound 
mixing for durations ranging from 10 to 30 minutes. Further the analysis method was standard since 
KEEVIL et al. (2015) observed no difference between analysis methods. Herein more than 32 
granulometry tests were performed, plus 5 tests of water samples. The differences between all the 
runs were small, although there was some trend associated with the collection date (see discussion). 
 
                                                 
1 The water samples were analysed subsequently in laboratory to yield the suspended sediment 
concentration. 
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Fig. C-1 - Sediment sample collection on 31 August 2015 at 17:52 
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C.2 GRANULOMETRY DATA 
C2.1 Right bank sediment samples 
Location: The University of Bordeaux (France) 
Date: 3 September 2015 
Experiments by: David REUNGOAT, Xinqian LENG  and Hubert CHANSON 
Data processing 
by: 
David REUNGOAT, Xinqian LENG  and Hubert CHANSON  
Soil and water 
samples: 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line on 29 August, 30 August, 31 
August and 1 September 2015 at end of ebb tide. 
Instrumentation: MalvernTM laser Mastersizer 2000 with Hydro 3000SM dispersion unit for 
wet samples 
Comments: Soil sample collection on sunny days. 
All the samples were kept in sealed, water tight containers until testing. 
 
Size (microns)  Volume fraction  
Sediment: 29/08/2015 30/08/2015 31/08/2015 01/09/2015 
Mixer: Mechanical Mechanical Mechanical Mechanical 
Analysis technique: standard standard standard standard 
Number of samples: 2 2 2 2 
Total number of runs: 3 3 3 2 
0.2 0.000 0.000 0.000 0.000 
0.224 0.000 0.000 0.000 0.000 
0.252 0.000 0.000 0.000 0.000 
0.283 0.000 0.000 0.000 0.000 
0.317 0.000 0.000 0.000 0.000 
0.356 0.000 0.000 0.000 0.000 
0.399 0.001 0.001 0.001 0.001 
0.448 0.103 0.116 0.126 0.107 
0.502 0.200 0.212 0.223 0.191 
0.564 0.286 0.297 0.308 0.265 
0.632 0.332 0.342 0.355 0.304 
0.710 0.356 0.366 0.380 0.325 
0.796 0.357 0.368 0.384 0.325 
0.893 0.349 0.359 0.380 0.316 
1.002 0.342 0.354 0.379 0.309 
1.125 0.352 0.367 0.397 0.317 
1.262 0.387 0.408 0.444 0.350 
1.416 0.455 0.485 0.530 0.415 
1.589 0.560 0.602 0.657 0.516 
1.783 0.710 0.767 0.833 0.659 
2 0.918 0.987 1.061 0.849 
2.24 1.196 1.271 1.349 1.088 
2.52 1.561 1.627 1.699 1.378 
2.83 2.018 2.052 2.105 1.715 
3.17 2.574 2.547 2.565 2.092 
3.56 3.209 3.091 3.056 2.494 
3.99 3.911 3.674 3.568 2.910 
4.48 4.627 4.252 4.062 3.314 
5.02 5.323 4.803 4.521 3.696 
5.64 5.922 5.273 4.903 4.029 
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6.32 6.382 5.639 5.192 4.309 
7.10 6.641 5.860 5.360 4.519 
7.96 6.674 5.925 5.404 4.664 
8.93 6.474 5.829 5.325 4.743 
10.02 6.058 5.584 5.135 4.759 
11.25 5.479 5.220 4.858 4.718 
12.62 4.790 4.764 4.515 4.620 
14.16 4.067 4.261 4.137 4.468 
15.89 3.366 3.740 3.744 4.262 
17.83 2.738 3.237 3.356 4.009 
20 2.209 2.772 2.985 3.718 
22.44 1.790 2.358 2.639 3.401 
25.18 1.471 2.000 2.319 3.068 
28.25 1.230 1.693 2.021 2.728 
31.70 1.043 1.431 1.742 2.391 
35.57 0.882 1.200 1.475 2.058 
39.91 0.733 0.993 1.221 1.743 
44.77 0.586 0.801 0.980 1.445 
50.24 0.447 0.626 0.767 1.176 
56.37 0.322 0.467 0.587 0.933 
63.25 0.224 0.336 0.450 0.728 
70.96 0.152 0.229 0.351 0.560 
79.62 0.105 0.152 0.285 0.438 
89.34 0.058 0.094 0.238 0.357 
100.24 0.025 0.066 0.201 0.316 
112.47 0.003 0.037 0.165 0.302 
126.19 0.000 0.030 0.127 0.294 
141.59 0.000 0.025 0.068 0.265 
158.87 0.000 0.008 0.035 0.232 
178.25 0.000 0.000 0.023 0.134 
200 0.000 0.000 0.011 0.102 
224.4 0.000 0.000 0.000 0.108 
251.8 0.000 0.000 0.000 0.110 
282.5 0.000 0.000 0.000 0.105 
317.0 0.000 0.000 0.000 0.093 
355.7 0.000 0.000 0.000 0.075 
399.1 0.000 0.000 0.000 0.050 
447.7 0.000 0.000 0.000 0.028 
502.4 0.000 0.000 0.000 0.006 
563.7 0.000 0.000 0.000 0.000 
632.5 0.000 0.000 0.000 0.000 
709.6 0.000 0.000 0.000 0.000 
796.2 0.000 0.000 0.000 0.000 
893.4 0.000 0.000 0.000 0.000 
1002.4 0.000 0.000 0.000 0.000 
 
Notes: Averaged data; Volume fraction of sediment particle sizes in percentage; The first column 
indicates the lower sediment size boundary; for example, the row 2.0 lists the fraction of particles 
between 2.0 and 2.24 microns. 
 
Location: The University of Bordeaux (France) 
C-5 
Date: 28 October 2015 
Experiments by: David REUNGOAT 
Data processing 
by: 
David REUNGOAT, Hubert CHANSON and Xinqian LENG 
Soil and water 
samples: 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line on 27 October 2015 at end of ebb 
tide. 
Instrumentation: MalvernTM laser Mastersizer 2000 with Hydro 3000SM dispersion unit for 
wet samples 
Comments: Soil sample collection on sunny days. 
All the samples were kept in sealed, water tight containers until testing. 
 
Size (microns) Volume 
fraction 
Sediment: 27/10/2015 
Mixer: Mechanical 
Analysis technique: standard 
Number of samples: 2 
Total number of runs: 3 
0.20 0 
0.22 0 
0.25 0 
0.28 0 
0.32 0 
0.36 0 
0.40 0.0007 
0.45 0.1015 
0.50 0.1906 
0.56 0.2698 
0.63 0.3116 
0.71 0.3334 
0.80 0.3333 
0.89 0.3233 
1.00 0.3150 
1.12 0.3220 
1.26 0.3559 
1.42 0.4260 
1.59 0.5388 
1.78 0.7021 
2.00 0.9237 
2.24 1.2092 
2.52 1.5610 
2.83 1.9721 
3.17 2.4360 
3.56 2.9289 
3.99 3.4365 
4.48 3.9218 
5.02 4.3678 
5.64 4.7370 
6.32 5.0187 
7.10 5.1909 
7.96 5.2542 
8.93 5.2107 
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10.02 5.0708 
11.25 4.8530 
12.62 4.5722 
14.16 4.2503 
15.89 3.9003 
17.83 3.5387 
20.00 3.1765 
22.44 2.8260 
25.18 2.4984 
28.25 2.1987 
31.70 1.9297 
35.57 1.6821 
39.91 1.4507 
44.77 1.2248 
50.24 1.0091 
56.37 0.8039 
63.25 0.6233 
70.96 0.4688 
79.62 0.3475 
89.34 0.2549 
100.24 0.1895 
112.47 0.1470 
126.19 0.0968 
141.59 0.0753 
158.87 0.0639 
178.25 0.0438 
200.00 0.0115 
224.40 0 
251.79 0 
282.51 0 
316.98 0 
355.66 0 
399.05 0 
447.74 0 
502.38 0 
563.68 0 
632.46 0 
709.63 0 
796.21 0 
893.37 0 
1002.37 0 
 
Notes: Averaged data; Volume fraction of sediment particle sizes in percentage; The first column 
indicates the lower sediment size boundary; for example, the row 2.0 lists the fraction of particles 
between 2.0 and 2.24 microns. 
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(A) Probability distribution functions of the averaged volume fraction of sediment particle sizes 
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(B) Cumulative probability distribution functions of the averaged volume fraction of sediment 
particle sizes 
Fig. C-2 - Granulometry data for bed sediment samples collected in the Arcins channel, Garonne 
River on 29 August, 30 August, 31 August, 1 September and 27 October 2015 
 
C2.2 Sediment samples of water samples collected 0.1 m below the free-surface 
Location: The University of Bordeaux (France) 
Date: 28 September 2015 
Experiments by: David REUNGOAT 
C-8 
Data processing 
by: 
David REUNGOAT, Hubert CHANSON  
Soil and water 
samples: 
Water samples collected in the Arcins channel (Garonne River, France) 0.1 
m below the free-surface on 29 August and 30 August 2015 during the early 
food tide. 
Instrumentation: MalvernTM laser Mastersizer 2000 with Hydro 3000SM dispersion unit for 
wet samples 
Comments: Water sample collection 0.1 m below the free-surface after the tidal bore 
passage. 
All the water samples were kept in sealed, water tight containers until 
testing for sediment concentration. Granulometry conducted in re-hydrated 
sediments. 
 
Date of 
collection 
Time of 
collection 
Time after 
bore passage 
Time after 
backward bore 
passage 
Comment 
  (s) (s)  
29 Aug. 2015 16:38 +660 N/A After bore. 
 16:56 + 1740 N/A After bore. 
 17:45 + 4680 N/A After bore. 
30 Aug. 2015 18:13 + 3420 + 2880 After bore. 
 
Size (microns)  Volume fraction  
Sediment: 29/08/2015 
16:38 
29/08/2015 
16:56 
29/08/2015 
17:45 
30/08/2015 
18:13 
Mixer: Mechanical Mechanical Mechanical Mechanical 
Analysis technique: standard standard standard standard 
Number of samples: 1 1 1 1 
Total number of runs: 2 2 2 2 
0.182 0 0 0 0 
0.209 0 0 0 0 
0.24 0 0 0 0 
0.275 0 0 0 0 
0.316 0 0 0 0 
0.363 0.003436 0 0.001743 0 
0.417 0.060988 0.000993 0.034021 0.000685 
0.479 0.232512 0.150081 0.173034 0.2188 
0.55 0.378675 0.246395 0.312475 0.37279 
0.631 0.493717 0.337061 0.435506 0.48935 
0.724 0.587092 0.39905 0.542437 0.591878 
0.832 0.65854 0.451361 0.633072 0.671768 
0.955 0.719693 0.493992 0.716949 0.743995 
1.096 0.785754 0.541058 0.810952 0.82215 
1.259 0.872222 0.6026 0.931581 0.920818 
1.445 0.994682 0.68971 1.097139 1.053794 
1.66 1.157948 0.804965 1.313041 1.223246 
1.905 1.360076 0.945899 1.57682 1.424583 
2.188 1.586988 1.101524 1.869666 1.641778 
2.512 1.82457 1.261454 2.1719 1.860482 
2.884 2.059501 1.4169 2.464875 2.069309 
3.311 2.282042 1.562411 2.735152 2.261946 
3.802 2.487133 1.696266 2.975978 2.437196 
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4.365 2.671948 1.818692 3.184811 2.596259 
5.012 2.841268 1.935189 3.369315 2.746555 
5.754 2.998709 2.050438 3.536889 2.893274 
6.607 3.15461 2.17374 3.702281 3.045867 
7.586 3.312613 2.308847 3.871812 3.205116 
8.71 3.480993 2.46308 4.054555 3.374531 
10 3.655958 2.632892 4.243856 3.544844 
11.482 3.838804 2.819917 4.435599 3.712353 
13.183 4.014489 3.010243 4.605678 3.859983 
15.136 4.173976 3.197382 4.733964 3.978751 
17.378 4.296221 3.362136 4.78963 4.053256 
19.963 4.36788 3.494505 4.750003 4.076591 
22.909 4.374835 3.580885 4.600519 4.04403 
26.303 4.309659 3.616599 4.33567 3.955218 
30.2 4.170783 3.600394 3.969729 3.81493 
34.674 3.959257 3.536599 3.522905 3.628005 
39.811 3.683415 3.43355 3.031262 3.403525 
45.709 3.353957 3.300904 2.529367 3.149384 
52.481 2.986837 3.148976 2.051198 2.874665 
60.256 2.600191 2.986911 1.622056 2.588021 
69.183 2.209129 2.821072 1.252862 2.295398 
79.433 1.831558 2.658318 0.949307 2.005911 
91.201 1.474815 2.501155 0.703387 1.722458 
104.713 1.153118 2.355489 0.510983 1.454748 
120.226 0.866617 2.221666 0.35721 1.20206 
138.038 0.62544 2.104789 0.242437 0.973503 
158.489 0.425618 2.001642 0.141563 0.768368 
181.97 0.276243 1.909632 0.080722 0.597224 
208.93 0.165082 1.814434 0.024088 0.456846 
239.883 0.098057 1.703819 0 0.348421 
275.423 0.043726 1.561868 0 0.263213 
316.228 0.034273 1.387423 0 0.198239 
363.078 0.004351 1.180758 0 0.148453 
416.869 0 0.955954 0 0.108166 
478.63 0 0.724053 0 0.083021 
549.541 0 0.497802 0 0.024247 
630.957 0 0.300373 0 0 
724.436 0 0.107314 0 0 
831.764 0 0.018839 0 0 
954.993 0 0 0 0 
1096.478 0 0 0 0 
1258.925 0 0 0 0 
 
Notes: Averaged data; Volume fraction of sediment particle sizes in percentage; The first column 
indicates the lower sediment size boundary; for example, the row 0.209 lists the fraction of particles 
between 0.209 and 0.240 microns. 
 
Location: The University of Bordeaux (France) 
Date: 28 October 2015 
Experiments by: David REUNGOAT 
C-10 
Data processing 
by: 
David REUNGOAT, Hubert CHANSON and Xinqian LENG 
Soil and water 
samples: 
Water samples collected in the Arcins channel (Garonne River, France) 0.1 
m below the free-surface on 26 October, 27 October and 28 October 2015. 
Instrumentation: MalvernTM laser Mastersizer 2000 with Hydro 3000SM dispersion unit for 
wet samples 
Comments: Water sample collection 0.1 m below the free-surface after the tidal bore 
passage. 
All the water samples were kept in sealed, water tight containers until 
granulometry tests. 
 
Date of 
collection 
Time of 
collection 
Time after 
bore passage 
Time after 
backward bore 
passage 
Comment 
  (s) (s)  
26 Oct. 2015 14:00 -3000 N/A Before bore. 
 15:15 +1500 +840 After bore. 
27 Oct. 2015 14:00 -5838 N/A Before bore. 
 15:05 -1938 N/A Before bore. 
 15:55 +1098 +480 After bore. 
 15:59 +1338 +720 After bore. 
 16:15 +2298 +1680 After bore. 
 16:32 +3318 +2700 After bore. 
 17:17 +6018 +5400 After bore. 
28 Oct. 2015 09:40 +19800 N/A Early ebb tide 
 
Notes: Light grey shading: sample collected before the tidal bore passage; Dark grey shading: data 
collected during the early ebb tide. 
 
Size (microns)  Volume fraction   
Sediment: 26/10/2015 
14:00 
26/10/2015 
15:15 
27/10/2015 
14:00 
27/10/2015 
15:05 
27/10/2015 
15:55 
Mixer: Mechanical Mechanical Mechanical Mechanical Mechanical 
Analysis technique: standard standard standard standard standard 
Number of samples: 1 1 1 1 1 
Total number of runs: 3 3 3 3 3 
0.20 0 0 0 0 0 
0.22 0 0 0 0 0 
0.25 0 0 0 0 0 
0.28 0 0 0 0 0 
0.32 0 0 0 0 0 
0.36 0 0 0.0038 0.0033 0 
0.40 0.0008 0.0006 0.0668 0.0593 0.0007 
0.45 0.2422 0.0891 0.2515 0.2426 0.1087 
0.50 0.4055 0.1795 0.4075 0.3963 0.2045 
0.56 0.5199 0.2592 0.5273 0.5131 0.2886 
0.63 0.6109 0.2997 0.6202 0.6021 0.3321 
0.71 0.6667 0.3197 0.6844 0.6612 0.3541 
0.80 0.7044 0.3177 0.7317 0.7025 0.3537 
0.89 0.7387 0.3066 0.7779 0.7417 0.3445 
1.00 0.7897 0.2984 0.8409 0.7973 0.3395 
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1.12 0.8781 0.3062 0.9398 0.8888 0.3523 
1.26 1.0174 0.3397 1.0857 1.0284 0.3932 
1.42 1.2164 0.4054 1.2848 1.2236 0.4687 
1.59 1.4749 0.5071 1.5340 1.4730 0.5823 
1.78 1.7936 0.6526 1.8325 1.7774 0.7409 
2.00 2.1726 0.8533 2.1800 2.1378 0.9552 
2.24 2.6099 1.1230 2.5767 2.5544 1.2380 
2.52 3.1017 1.4764 3.0226 3.0260 1.6020 
2.83 3.6335 1.9200 3.5086 3.5409 2.0518 
3.17 4.1941 2.4615 4.0286 4.0892 2.5925 
3.56 4.7517 3.0857 4.5564 4.6398 3.2061 
3.99 5.2847 3.7825 5.0735 5.1696 3.8801 
4.48 5.7454 4.5025 5.5345 5.6292 4.5646 
5.02 6.1036 5.2130 5.9094 5.9869 5.2276 
5.64 6.3107 5.8372 6.1487 6.1949 5.7973 
6.32 6.3401 6.3321 6.2248 6.2300 6.2362 
7.10 6.1732 6.6297 6.1140 6.0779 6.4856 
7.96 5.8070 6.7036 5.8092 5.7404 6.5252 
8.93 5.2739 6.5408 5.3340 5.2510 6.3478 
10.02 4.6051 6.1554 4.7135 4.6398 5.9684 
11.25 3.8708 5.5973 4.0116 3.9690 5.4334 
12.62 3.1203 4.9178 3.2765 3.2787 4.7879 
14.16 2.4198 4.1935 2.5766 2.6235 4.1000 
15.89 1.8049 3.4801 1.9516 2.0305 3.4190 
17.83 1.3060 2.8338 1.4359 1.5253 2.7964 
20.00 0.9294 2.2843 1.0382 1.1160 2.2609 
22.44 0.6686 1.8453 0.7541 0.8056 1.8280 
25.18 0.5043 1.5122 0.5666 0.5892 1.4965 
28.25 0.4095 1.2651 0.4508 0.4526 1.2510 
31.70 0.3578 1.0798 0.3817 0.3757 1.0713 
35.57 0.3255 0.9271 0.3348 0.3330 0.9301 
39.91 0.2968 0.7879 0.2929 0.2987 0.8062 
44.77 0.2615 0.6476 0.2401 0.2590 0.6805 
50.24 0.2165 0.5088 0.1864 0.1899 0.5505 
56.37 0.1665 0.3770 0.1084 0.1169 0.4168 
63.25 0.1113 0.2663 0.0525 0.0182 0.2970 
70.96 0.0643 0.1817 0.0179 0 0.1893 
79.62 0 0.1232 0 0 0.1130 
89.34 0 0.0699 0 0 0.0295 
100.24 0 0.0566 0 0 0.0003 
112.47 0 0.0344 0 0 0 
126.19 0 0.0273 0 0 0 
141.59 0 0.0270 0 0 0 
158.87 0 0.0231 0 0 0 
178.25 0 0.0229 0 0 0 
200.00 0 0.0119 0 0 0 
224.40 0 0 0 0 0 
251.79 0 0 0 0 0 
282.51 0 0 0 0 0 
316.98 0 0 0 0 0 
355.66 0 0 0 0 0 
399.05 0 0 0 0 0 
447.74 0 0 0 0 0 
502.38 0 0 0 0 0 
C-12 
563.68 0 0 0 0 0 
632.46 0 0 0 0 0 
709.63 0 0 0 0 0 
796.21 0 0 0 0 0 
893.37 0 0 0 0 0 
1002.37 0 0 0 0 0 
 
Size (microns)  Volume fraction   
Sediment: 27/10/2015 
15:59 
27/10/2015 
16:15 
27/10/2015 
16:32 
27/10/2015 
17:17 
28/10/2015 
09:40 
Mixer: Mechanical Mechanical Mechanical Mechanical Mechanical 
Analysis technique: standard standard standard standard standard 
Number of samples: 1 2 1 1 1 
Total number of runs: 3 3 3 3 3 
0.20 0 0 0 0 0 
0.22 0 0 0 0 0 
0.25 0 0 0 0 0 
0.28 0 0 0 0 0 
0.32 0 0 0 0 0 
0.36 0 0 0 0 0.0029 
0.40 0.0008 0.0009 0.0007 0.0008 0.0522 
0.45 0.1146 0.1303 0.1033 0.2444 0.2155 
0.50 0.2128 0.2393 0.1990 0.4084 0.3778 
0.56 0.2990 0.3372 0.2838 0.5248 0.5205 
0.63 0.3438 0.3921 0.3285 0.6195 0.6436 
0.71 0.3672 0.4254 0.3528 0.6809 0.7457 
0.80 0.3683 0.4352 0.3556 0.7256 0.8361 
0.89 0.3614 0.4366 0.3506 0.7681 0.9319 
1.00 0.3598 0.4431 0.3504 0.8270 1.0503 
1.12 0.3777 0.4700 0.3685 0.9208 1.2113 
1.26 0.4250 0.5290 0.4144 1.0601 1.4226 
1.42 0.5079 0.6286 0.4942 1.2496 1.6859 
1.59 0.6292 0.7739 0.6106 1.4852 1.9883 
1.78 0.7949 0.9730 0.7704 1.7651 2.3180 
2.00 1.0154 1.2367 0.9847 2.0885 2.6647 
2.24 1.3030 1.5755 1.2668 2.4558 3.0218 
2.52 1.6711 1.9981 1.6310 2.8672 3.3870 
2.83 2.1248 2.5024 2.0835 3.3151 3.7556 
3.17 2.6702 3.0864 2.6312 3.7953 4.1303 
3.56 3.2902 3.7229 3.2576 4.2858 4.5032 
3.99 3.9731 4.3914 3.9512 4.7725 4.8732 
4.48 4.6688 5.0357 4.6610 5.2161 5.2179 
5.02 5.3442 5.6190 5.3529 5.5920 5.5205 
5.64 5.9251 6.0724 5.9502 5.8541 5.7402 
6.32 6.3706 6.3602 6.4098 5.9768 5.8449 
7.10 6.6181 6.4389 6.6662 5.9327 5.7957 
7.96 6.6437 6.2974 6.6940 5.7116 5.5658 
8.93 6.4390 5.9502 6.4839 5.3280 5.1545 
10.02 6.0198 5.4256 6.0523 4.8010 4.5725 
11.25 5.4376 4.7887 5.4533 4.1840 3.8772 
12.62 4.7438 4.0938 4.7415 3.5186 3.1247 
14.16 4.0140 3.4138 3.9969 2.8656 2.4009 
15.89 3.3031 2.7943 3.2779 2.2615 1.7654 
17.83 2.6657 2.2747 2.6418 1.7412 1.2664 
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20.00 2.1306 1.8668 2.1177 1.3180 0.9135 
22.44 1.7106 1.5645 1.7157 0.9950 0.6901 
25.18 1.4002 1.3460 1.4249 0.7637 0.5597 
28.25 1.1767 1.1793 1.2161 0.6064 0.4791 
31.70 1.0119 1.0344 1.0566 0.5045 0.4118 
35.57 0.8718 0.8858 0.9129 0.4375 0.3310 
39.91 0.7336 0.7254 0.7669 0.3885 0.2431 
44.77 0.5843 0.5545 0.6101 0.3416 0.1291 
50.24 0.4303 0.3923 0.4500 0.2867 0.0578 
56.37 0.2893 0.2544 0.3030 0.2237 0 
63.25 0.1685 0.1591 0.1716 0.1513 0 
70.96 0.0883 0.1081 0.0841 0.0952 0 
79.62 0 0.0950 0 0.0440 0 
89.34 0 0.1016 0 0.0002 0 
100.24 0 0.1106 0 0 0 
112.47 0 0.1107 0 0 0 
126.19 0 0.1017 0 0 0 
141.59 0 0.0887 0 0 0 
158.87 0 0.0287 0 0 0 
178.25 0 0 0 0 0 
200.00 0 0 0 0 0 
224.40 0 0 0 0 0 
251.79 0 0 0 0 0 
282.51 0 0 0 0 0 
316.98 0 0 0 0 0 
355.66 0 0 0 0 0 
399.05 0 0 0 0 0 
447.74 0 0 0 0 0 
502.38 0 0 0 0 0 
563.68 0 0 0 0 0 
632.46 0 0 0 0 0 
709.63 0 0 0 0 0 
796.21 0 0 0 0 0 
893.37 0 0 0 0 0 
1002.37 0 0 0 0 0 
 
Notes: Averaged data; Volume fraction of sediment particle sizes in percentage; The first column 
indicates the lower sediment size boundary; for example, the row 0.209 lists the fraction of particles 
between 0.209 and 0.240 microns; Light grey shading: sample collected before the tidal bore 
passage; Dark grey shading: data collected during the early ebb tide. 
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(A) Probability distribution functions of the averaged volume fraction of sediment particle sizes 
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(B) Cumulative probability distribution functions of the averaged volume fraction of sediment 
particle sizes 
Fig. C-3 - Granulometry data for suspended sediments collected 0.1 m below the free-surface after 
the tidal bore passage in the Arcins channel, Garonne River on 29 August and 30 August 2015 - 
Tidal bore passage: 16:28 on 29 August 2015 and 17:15 on 30 August 2015 
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(A) Probability distribution functions of the averaged volume fraction of sediment particle sizes 
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(B) Cumulative probability distribution functions of the averaged volume fraction of sediment 
particle sizes 
Fig. C-4 - Granulometry data for suspended sediments collected 0.1 m below the free-surface before 
after the tidal bore passage in the Arcins channel, Garonne River on 26 October 2015 and during the 
early flood tide on 28 October 2015 - Tidal bore passage: 14:50 on 26 October 2015 and 16:24 on 
28 October 2015 
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(A) Probability distribution functions of the averaged volume fraction of sediment particle sizes - 
Solid lines for sampled collected before the tidal bore passage 
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(B) Cumulative probability distribution functions of the averaged volume fraction of sediment 
particle sizes - Solid lines for sampled collected before the tidal bore passage 
Fig. C-5 - Granulometry data for suspended sediments collected 0.1 m below the free-surface before 
after the tidal bore passage in the Arcins channel, Garonne River on 27 October 2015 - Tidal bore 
passage: 15:40 on 27 October 2015 
 
C.3 DISCUSSION 
The bed sediment material was characterised by a series of laboratory experiments. The relative 
C-17 
density of the wet sediment samples was s = 1.28. The dry sediment density was checked by drying 
some samples and the results yielded a relative sediment density close to 2.68. For such a relative 
sediment density, the wet sediment density data corresponded to a sample porosity of 0.84. 
The particle size distribution data of bed sediments presented relatively close results (Section C2.1, 
Fig. C-2). The median particle size was in the silt size range with an approximate median size of 16 
m (GRAF 1971, JULIEN 1995). The sorting coefficient 1090 d/d  was 3.86 on average. The bed 
material was a cohesive mud mixture (Fig. C-2). In comparison, the particle size distribution of 
suspended materials presented a similar median size of 12.5 m, and the sorting coefficient 
1090 d/d  was 4.06 on average, reflecting a slightly broader range of particle sizes (Fig. C-3 to C-
5). The results may be compared to sediment materials collected earlier in the Garonne River (Table 
C-2). The data were close to previous observations at the same site in 2012 and 2013 in terms of the 
median grain size and sorting coefficient (Table C-2). The present data presented however a couple 
of trends. 
First the river bed data set suggested possibly a slight increase in median grain size and sorting 
coefficient with increasing time in August-September (Fig. C-6). This is illustrated in Figure C-6, 
showing the evolution of median grain size, d10 and d90 of river bed deposits over four consecutive 
days. Herein it was observed that the bed sediment materials next to the waterline were softer than 
in previous field works (2). The mud was relatively fluid and appeared to become softer and thinner 
from Saturday 29 August to Tuesday 1 September 2015. No tidal bore was observed at the sampling 
site on 28 August 2015. From 29 August 2015, tidal bores occurred twice per day, although the 
field observations were conducted in the afternoon tidal bores only. It is likely that the bed surface 
sediments were re-suspended at each tidal bore and early flood tide, and re-deposited during the late 
flood tide and ebb tide. The entire process may have contributed to some mixing between sediments 
sources from different sections of the river. The finding would be consistent with the increase in 
suspended sediment grain sizes shortly after the tidal bore (see next paragraph).  
Second the suspended sediment samples tended to show larger median grain sizes shortly after the 
bore passage (Fig. C-7). This is seen in Figure C-7 presenting the characteristic grain sizes and 
sorting coefficient as functions of the relative time of passage of tidal bore. For the October 2015 
data set, the median suspended grain size was 40% larger after than before the tidal bore (Fig. C-
7B). Similarly the d10 and d90 characteristic sizes of suspended sediments were 60% to 50% larger 
after the bore passage. While the data set was relatively limited, the findings suggested that the 
differences were most significant within the first 90 minutes of the flood tide following the tidal 
                                                 
2 Observations reported by Prof. Pierre LUBIN who collected the mud samples on all four days. 
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bore passage. 
Further comparisons between bed material and suspended sediment particle size data are shown in 
Table C-2. 
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Fig. C-6 - Time evolution of the median grain size and other characteristic grain size for river bed 
materials collected in the Arcins channel, Garonne River between 29 August and 1 September 2015 
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(A) Median grain size and sorting coefficient (d90/d10)1/2 - Complete data set 
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(B) Detailed data sets for d10, d50 and d90 before and after tidal bore passage - Note different vertical 
axis scale for d90 data (right vertical axis) 
Fig. C-7 - Time variations of the characteristic suspended sediment grain sizes as functions of the 
relative tidal bore passage time for suspended sediment materials collected in the Arcins channel, 
Garonne River between 29 August and 28 October 2015 
 
 
C-20 
Table C-1 - Characteristics of sediment samples collected in the Arcins channel, Garonne River on 19 October 2013 - Comparison with sediment 
samples collected in the Garonne River at Arcins (REUNGOAT et al. 2014, KEEVIL et al. 2015) and at other sites 
 
Reference Sediment sample Site Location Type Mixing d50 d10 d90 
10
90
d
d  
Time after 
tidal bore 
passage 
      m m m  s 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Present study 29/08/2015 Garonne River in  River bed Silt Mechanical 13.46 4.24 43.00 3.19 -- 
 30/08/2015 Arcins channel at     14.47 4.11 53.22 3.60 -- 
 31/08/2015 low tide    15.04 3.94 63.24 4.01 -- 
 01/09/2015     19.40 4.56 90.10 4.45 -- 
 27/09/2015     16.18 4.31 71.20 4.06 -- 
 29/08/2015 16:38 Garonne River in  Suspended Silt Mechanical 13.85 2.21 57.64 5.11 +660 
 29/08/2015 16:56 Arcins channel  sediment   25.16 3.03 185.43 7.82 +1,740 
 29/08/2015 17:45 0.1 m below    11.07 2.12 40.76 4.38 +4,680 
 30/08/2015 18:13 water surface    14.24 1.16 70.80 5.73 +3,420 
 26/10/2015 14:00     8.97 2.32 26.10 3.35 -3,000 
 26/10/2015 15:15     13.88 4.46 45.09 3.18 +1,500 
 27/10/2015 14:00     9.12 2.23 26.80 3.46 -5,838 
 27/10/2015 15:05     9.13 2.31 27.25 3.43 -1,938 
 27/10/2015 15:55     13.55 4.18 44.68 3.27 +1,098 
 27/10/2015 15:59     13.15 4.03 41.25 3.20 +1,338 
 27/10/2015 16:15     12.03 3.56 41.82 3.43 +2,298 
 27/10/2015 16:32     13.23 4.12 41.88 3.19 +3,318 
 27/10/2015 17:17     9.65 2.28 30.46 3.66 +6,018 
 28/10/2015 09:40     8.48 1.95 25.36 3.61 -- 
KEEVIL et al. 
(2015) 
18/10/2013 Garonne River in Arcins 
channel at low tide 
River bed Silt Mechanical 15.06 4.13 56.93 3.715 -- 
REUNGOAT 7/06/2012 Garonne River River bed Silt Mech (10min) 11.86 3.06 50.80 4.07 -- 
et al. (2014)  at Arcins channel   Mech (20min) 11.11 2.93 42.19 3.79 -- 
  (low tide)   Mech (30min) 12.23 3.10 49.74 4.01 -- 
     Ultras (18 min) 13.68 3.19 51.91 4.03 -- 
 8/06/2012 Garonne River River bed Silt Mech (10min) 13.06 3.75 51.53 3.71 -- 
  at Arcins channel   Mech (20min) 11.05 3.47 38.51 3.33 -- 
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  (mid ebb tide)   Mech (30min) 13.08 3.74 52.15 3.73 -- 
     Ultras (14 min) 15.76 3.56 62.97 4.21 -- 
EISMA et al. Oct. 1981 Garonne River at Langoiran (1) Suspended sediment -- -- 2-4 2 ~16 2.8 -- 
(1991) Oct. 1981 Garonne River at Pont Neuf (2) Suspended sediment -- -- 8 1-2 16-32 -- -- 
 Jan. 1984 Garonne River at Pont Neuf (2) Suspended sediment -- -- 4-8 < 1 16-32 -- -- 
 
Notes: Time after tidal bore passage: negative time means data collected shortly prior to tidal passage; (1): upstream of Arcins Island; (2): downstream 
of Arcins Island; Mech: mechanical mixing; Ultras: ultrasound mixing: Grey shaded data: suspended sediment samples; (--): information not 
available. 
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APPENDIX D - RHEOMETRY OF SEDIMENT SAMPLES COLLECTED IN 
THE ARCINS CHANNEL (GARONNE RIVER STUDY G15) 
D.1 PRESENTATION 
A number of Garonne River sediment samples were collected on 29 August, 30 August, 31 August, 
1 September and 27 October 2015 afternoon at end of ebb tide next to the right bank at Arcins. The 
rheological characteristics of mud samples were tested between two to five times per sample (Table 
D-1). A number of tests were conducted using a rheometer Anton PaarTM Physica MR301 equipped 
with a plane-cone CP50-SB6055 ( = 50 mm, cone angle: 2°) (Fig. D-1). The truncation gap was 
207 m, such that it be more than 10 times the mean particle size. Other tests were performed with 
a rheometer MalvernTM Kinexus Pro (Serial MAL1031375) equipped with a plane-cone ( = 40 
mm, cone angle: 4°), with a gap truncation of 150 m (1). 
All the tests were performed under controlled strain rate at constant temperature (25 C). Between 
the sample collection and the tests, the mud was left to consolidate. Prior to each rheological test, a 
small mud sample was placed carefully between the plate and cone. Each specimen was then 
subjected to a controlled strain rate loading and unloading between 0.01 s-1 and 1,000 s-1 with a 
continuous ramp in each direction (loading and unloading). 
Note that the rheometry tests were performed with a smooth cone and a new soil sample was used 
for each test. The tests were conducted shortly after the field study to prevent the deterioration of 
sediment materials (2). 
 
Table D-1 - Rheometry tests with Garonne River estuarine sediment sample 
 
Rheometer Configuration Loading Shear rate Temperature Sediment 
   Min. Max.  collection 
   1/s 1/s C dates 
Anton PaarTM 
Physica MR301 
Cone 50 mm 2º 
(smooth) / Fixed 
disk 
Continuous 
ramp 
0.01 1,000 25.0 29 Aug. 2015 15:00 
30 Aug. 2015 16:46 
31 Aug. 2015 17:45 
1 Sept. 2015 18:40 
MalvernTM Kinexus Cone 40 mm 4º Continuous 0.01 1,000 25.0 27 Oct. 2015 14:30 
                                                 
1 This equipment was identical to that used by REUNGOAT et al. (2014) and KEEVIL et al. (2015). 
2 Testing was conducted between 2 and 5 days after collection. That is, on 2 and 3 September 2015 for the 
sample collected on 29 August 2015, on 3 September 2015 for the samples collected on 30 August, 31 
August and 1 September 2015, and on 2 November 2015 for the samples collected on 27 October 2015. The 
overhaul of the material between sampling and rheometer loading was not quantified, albeit some 
consolidation and dewatering was observed. 
D-2 
Pro (smooth) / Fixed 
disk 
ramp 
 
  
 
Fig. D1 - Photographs of the rheometry tests with the Anton PaarTM Physica MR301 - From top left, 
clockwise: rheometer test; cone disk after testing; lower disk after testing 
 
D.2 RESULTS 
The basic results are presented in Figure D-2. 
 
D-3 
Strain rate (1/s)
Sh
ea
r s
tre
ss
 (P
a)
0.01 0.1 0.5 2 3 5 10 20 100 1000
5
7
10
20
30
50
70
100
200
300
500
0109-01
0109-02
Strain rate (1/s)
Sh
ea
r s
tre
ss
 (P
a)
0.01 0.1 0.5 2 3 5 10 20 100 1000
5
7
10
20
30
50
70
100
200
300
500
3008-01
3008-02
3008-03
3008-04
3008-05
 
(A, Left) Sample collected on 29 August 2015 at 15:00 
(B, Right) Sample collected on 30 August 2015 at 16:46 
Strain rate (1/s)
Sh
ea
r s
tre
ss
 (P
a)
0.01 0.1 0.5 2 3 5 10 20 100 1000
5
7
10
20
30
50
70
100
200
300
500
3108-01
3108-02
3108-03
3108-04
3108-05
Strain rate (1/s)
Sh
ea
r s
tre
ss
 (P
a)
0.01 0.1 0.5 2 3 5 10 20 100 1000
5
7
10
20
30
50
70
100
200
300
500
0109-01
0109-02
0109-03
0109-04
0109-05
 
(C, Left) Sample collected on 31 August 2015 at 17:45 
(D, Right) Sample collected on 1 September 2015 at 18:40 
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(E,) Sample collected on 27 October 2015 at 14:30 
Fig. D-2 - Results of mud sample rheometry tests 
 
D.3 DISCUSSION 
The relationship between shear stress and shear rate highlighted some basic difference between the 
loading and unloading phases, typical of non-Newtonian thixotropic materials. The shear stress 
magnitude during unloading was smaller than the magnitude during loading for a given shear rate. 
The rheometry data were used to estimate an apparent yield stress c of the fluid and effective 
viscosity . Only a rapid and approximate characterisation of the material was conducted herein. A 
more complete characterisation of the rheological behaviour of the materials would require the 
determination of all thixotropic model parameters. The yield stress and apparent viscosity were 
estimated during the unloading phase, to be consistent with earlier thixotropic experiments 
(ROUSSEL et al. 2004, REUNGOAT et al. 2014, KEEVIL et al. 2015). The yield stress and 
effective viscosity estimates were deduced by applying a Herschel-Bulkley model linking the shear 
stress  and shear rate V/y as: 
 
m
c y
V





  (D-1) 
where 0 < m  1 (HUANG and GARCIA 1998, WILSON and BURGESS 1998). For m = 1 and c 
= 0,  is the dynamic viscosity of a Newtonian fluid in a laminar flow motion. Based upon the 
unloading data, the comparison between experimental data and Equation (D-1) gave some basic 
information in terms of the yield stress c, effective viscosity  and exponent m, presented in Table 
D-2, where the data are compared with earlier results obtained with a similar approach. 
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On average over the five sampling days, the apparent viscosity was 7 Pa.s, the yield stress was 12 
Pa and m = 0.28. The results are summarised in Table D-3 in which they are compared with 
previous sediment properties of samples also collected in the Arcins channel. Quantitatively the 
findings were consistent with the qualitative observations of a very soft mud layer on the right bank 
next to the low tide water level. Further they were not dissimilar with the sediment characteristics of 
samples collected during earlier field studies at Arcins (Table D-2). 
All the results indicated a trend between the various sediment sample data collected on four 
consecutive days in Aug-Sept 2015 (Fig. D-3), although slight quantitative differences might be 
accounted for the inhomogeneous nature of some sediment sample. Visually the data hinted for 
some degree of non-homogeneity in the sediment sample collected on 1 September 2015, after 4 
days of tidal bores (3). Similarly the rheometry data suggested a slight increase in yield stress and 
apparent viscosity over the four successive days (Table D-3, Fig. D-3). It was observed that the 
collected sediment samples were relatively fluid and appeared to become softer from Saturday 29 
August to Tuesday 1 September 2015 (4), while the layer of soft mud became thinner on the right 
bank. It is conceivable that the surface erosion during the tidal bores and early flood tides, and the 
deposition during the ebb tide, may have contributed to some mixing between sediments sources 
from different sections of the river. Figure D-3 summarises the changes in characteristic grain sizes, 
yield stress and apparent viscosity from 29 August to 1 September 2015. 
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Fig. D-3 - Changes in characteristic grain sizes, yield stress and apparent viscosity on four 
consecutive days between 29 August and 1 September 2015 
                                                 
3 No tidal bore was observed on 28 August 2015. From 29 August 2015, tidal bores occurred twice a day. 
4 Observations reported by Prof. Pierre LUBIN who collected the mud samples on all four days. 
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Table D-2 - Measured properties of mud samples collected in the Garonne River at Arcins in 2015 - Comparison with  mud samples collected in the 
Garonne River at Arcins in September 2010, June 2012 and October 2013 and Brisbane River flood sediment sample during the January 2011 flood 
 
Ref. River Rheometer Configuration Loading Shear rate Temperature Sediment s c  m 
 system    Min. Max.  collection     
     1/s 1/s C data  Pa Pa.s  
Present study Garonne Anton PaarTM Cone 50 mm Continuous 0.01 1,000 25.0 29 Aug. 1.28 11.43 7.28 0.276 
 River Physica MR301 2º (smooth) ramp    2015  10.76 7.07 0.273 
 at Arcins       30 Aug.  10.61 7.17 0.265 
        2015  10.73 7.88 0.271 
          8.31 6.36 0.270 
          10.77 7.51 0.271 
          11.04 7.74 0.273 
        31 Aug.  11.79 8.24 0.277 
        2015  14.64 9.54 0.279 
          11.13 8.10 0.273 
          12.66 9.64 0.261 
          11.77 9.07 0.267 
        1 Sept.  8.39 5.41 0.278 
        2015  10.46 7.15 0.276 
          11.20 8.84 0.272 
          15.71 11.55 0.275 
          24.29 13.28 0.258 
  Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 27 Oct.  14.33 3.78 0.32 
  Pro 4º (smooth) ramp    2015  8.37 3.44 0.31 
KEEVIL et Garonne Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 19 October 1.341 6.38 3.13 0.286 
al. (2015) River Pro 4º (smooth) ramp    2013  6.21 4.76 0.278 
 at Arcins         6.17 5.00 0.271 
          6.61 5.31 0.268 
          5.48 4.28 0.278 
          4.77 4.39 0.276 
REUNGOAT Garonne Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 75.4 36.1 0.22 
et al. (2014) River Pro 4º (smooth) ramp    8 June 2012 1.428 15.7 11.4 0.27 
 at Arcins       8 June 2012  21.5 13.1 0.28 
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   Disk 20 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 271 17.5 0.40 
   (smooth) ramp    8 June 2012 1.428 74.2 2.87 0.60 
CHANSON 
et al. (2011) 
Garonne 
River at 
Arcins 
TA-ARG2 Cone 40 mm 
2º (smooth) 
Steady state 
flow steps 
0.01 1,000 20 11 Sept. 
2010 
1.41 49.7 
61.4 
44.6 
52.9 
0.28 
0.27 
BROWN and 
CHANSON 
(2012) 
Brisbane 
River in flood 
at Gardens 
Point Road 
Mettler 
Viscosimeter 
Cylindrical 
(0.59 mm 
between 
cylinders) 
 0 1,045 25 14 Jan. 
2011 
1.46 35.5 8.1 0.34 
 
Notes: s: specific density of wet sediment samples; c: yield stress; : apparent viscosity. 
 
Table D-3 - Summary of rheometry test results with Garonne River estuarine sediment samples collected in the Arcins channel 
 
Sediment c  m Nb of tests 
sample Pa Pa.s   
27 October 2015 11.35 3.61 0.31 2 
1 September 2015 14.01 9.25 0.27 5 
31 August 2015 12.40 8.92 0.27 5 
30 August 2015 10.29 7.33 0.27 5 
29 August 2015 11.09 7.17 0.27 2 
19 October 2013 5.93 4.48 0.28 6 
8 June 2012 37.1 9.1 0.38 3 
7 June 2012 173 26.8 0.31 2 
11 September 2010 55.5 48.8 0.28 2 
 
Note: averaged results. 
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APPENDIX E - EXPERIMENTAL DATA: ACOUSTIC BACKSCATTER 
INTENSITY VERSUS SUSPENDED SEDIMENT CONCENTRATION IN 
DILUTE SOLUTIONS OF SEDIMENT SAMPLES COLLECTED IN THE 
ARCINS CHANNEL (GARONNE RIVER STUDY G15) 
E.1 PRESENTATION 
Some Arcins channel sediment material was collected at the end of ebb tide on 27 August, 30 
August, 1 September and 27 October 2015 afternoons next to the right bank. The soil samples 
consisted of silty materials collected just above the low water mark. The samples were soft 
materials and could be considered somehow as a form of mud cream (crème de vase). Three series 
of laboratory tests were conducted to relate the suspended sediment concentration (SSC) and the 
backscatter strength of ADV system. The first one focused on the effects of ADV power settings on 
the relationship between SSC and ADV signal amplitude. The results were mostly qualitative. The 
next two series of tests were conducted using the ADV field work settings. The last two series of 
tests were performed with two different velocity range settings using the ADV field work setting. 
All the laboratory experiments were performed at the University of Bordeaux with the NortekTM 
ADV Vectrino+ (10 MHz, serial number VNO1356) system. The ADV unit was calibrated by 
measuring the signal amplitude of artificially produced dilute solutions of known sediments 
concentration, obtained from sediment samples and thoroughly mixed. Herein tap water solutions 
were used since earlier works indicated that the type of water solution had little effect on the results 
(CHANSON et al. 2008, REUNGOAT et al. 2014). For each test, a known mass of sediment was 
introduced in the water tank which was stirred continuously with two mixers (Fig. E-1). The ADV 
sampling volume was located at a relative water elevation z/d = 0.17 (1). The tank was strongly 
agitated by the two mixers located also at the same elevation as the ADV control volume. 
The mass of wet sediment was measured with a Mettler™ Type PM200 (Serial 86.1.06.627.9.2) 
balance and the error was less than 0.01 g. The mass concentration was deduced from the measured 
mass of wet sediment (2) and the measured water tank volume. The acoustic backscatter amplitude 
measurements were conducted with the Nortek ADV Vectrino+ (10 MHz) system using the 
configuration employed in the field (scan rate, velocity range, power setting). The ADV signal 
outputs were scanned at 200 Hz for 1 minute. The average ADV amplitude measurements 
represented the average signal strength of the four ADV receivers and were measured in counts. 
                                                 
1 The ADV control volume was located between 0.04 and 0.05 m above the tank bottom, depending upon the 
water volume. 
2 Herein the suspended sediment concentration (SSC) was calculated in terms of the wet sediment mass per 
unit volume of water solution. 
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The ADV data were post-processed with the removal of average signal to noise ratio data less than 
5 dB, average correlation values less than 60%, and communication errors. In addition the signal 
was despiked using the phase-space thresholding technique developed by GORING and NIKORA 
(2002) and implemented by WAHL (2003). The percentage of good samples was superior to 42% 
for the entire data series and all settings. 
 
  
(A, Left) General view - From left to right: two water mixers and ADV unit (SSC = 0 kg/m3) 
(B, Right) SSC = 29.14 kg/m3 
Fig. E-1 - Photographs of the laboratory experiment with the ADV system and two mixers on 31 
August 2015 
 
E.2 EXPERIMENTAL RESULTS 
E.2.1 Series 1 
Location: The University of Bordeaux (France) 
Date: 27 August 2015 
Experiments by: David REUNGOAT, Hubert CHANSON and Xinqian LENG 
Data processing 
by: 
Hubert CHANSON and Xinqian LENG  
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Soil and water 
samples: 
Tap water (20 l). 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line on 27 August 2015 about 12:00. 
Instrumentation: NortekTM ADV Vectrino+ (10 MHz, serial number VNO1356) with a three-
dimensional down-looking field head scanned at 200 Hz for 1 minute for 
each test. ADV settings: velocity range: 2.5 m/s, transmit length: 0.3 mm, 
sampling volume: 1 mm, power setting: High, High-, Low+ & Low. 
Comments: Soil sample collection on a sunny day. 
All the samples were kept in sealed, water tight containers until testing. 
 
Run SSC      ADV      
  Power 
setting 
Percent. 
good 
samples 
Avg 
Vx 
Avg 
Vy 
Avg 
Vz 
Std Vx Std Vy Std Vz Avg 
COR 
Avg 
SNR 
Avg 
Ampl 
 kg/m3  % cm/s cm/s cm/s cm/s cm/s cm/s % dB Counts 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
test120150827163448 0.00 High 46.91 -18.42 3.32 5.85 13.33 8.87 6.51 86.37 25.98 60.43 
test120150827163707 0.00 High- 39.48 -20.56 4.41 4.81 98.39 79.47 27.06 73.62 11.38 26.46 
test120150827163856 0.00 Low+ 41.72 -21.74 11.07 0.26 90.14 64.86 24.98 74.41 11.92 27.73 
test120150827164038 0.00 Low 16.35 -6.83 -0.58 -2.10 134.27 128.86 37.68 72.34 8.64 20.09 
test120150827164753 0.21 High 93.53 -13.85 1.17 10.10 9.26 8.97 5.54 90.34 54.52 126.79 
test120150827164949 0.21 High- 90.58 -15.67 2.19 9.16 9.56 9.32 5.85 85.27 17.64 41.02 
test120150827165143 0.21 Low+ 93.3 -13.91 1.32 9.72 10.10 8.83 5.37 87 20.12 46.8 
test120150827165320 0.21 Low 36.39 -17.09 1.78 11.07 65.51 20.09 19.22 72.51 8.01 18.62 
test120150827165526 0.58 High 95.42 -15.12 2.54 9.83 8.72 8.82 5.35 89.96 64.13 149.14 
test120150827165721 0.58 High- 95.62 -14.53 1.67 9.87 9.19 8.69 5.40 88.97 24.68 57.4 
test120150827165916 0.58 Low+ 96.46 -14.39 1.69 9.68 8.77 8.66 5.24 89.76 29.2 67.9 
test120150827170108 0.58 Low 45.14 -14.82 1.63 10.84 13.84 11.72 6.18 76.2 9.88 22.97 
test120150827170320 1.06 High 95.42 -15.06 1.28 10.39 8.67 8.66 5.44 89.33 66.76 155.25 
test120150827170506 1.06 High- 96.6 -15.39 2.48 8.62 8.48 8.00 5.49 90.56 30.81 71.66 
test120150827170704 1.06 Low+ 96.21 -15.40 2.97 8.58 8.39 8.41 5.33 91.14 35.77 83.18 
test120150827170837 1.06 Low 59.84 -14.93 2.21 9.58 12.27 10.34 6.02 78.53 10.54 24.5 
test120150827171442 2.13 High 94.99 -8.73 8.41 1.11 8.13 9.91 6.87 91.99 68.66 159.66 
test120150827171626 2.13 High- 79.28 1.24 -2.53 3.18 7.06 7.74 5.86 89.27 35.28 82.04 
test120150827171759 2.13 Low+ 93.29 -8.41 0.72 7.78 11.02 10.50 5.88 88.68 43.81 101.89 
test120150827171938 2.13 Low 48.96 -19.37 13.79 0.40 9.58 8.55 5.70 81.64 14.85 34.54 
test120150827173512 4.13 High 90.71 -4.87 -2.78 3.24 8.90 8.79 7.24 87.15 71.73 166.82 
test120150827173653 4.13 High- 91.43 -4.90 -3.57 4.47 9.03 8.96 7.22 87.3 50.14 116.6 
test120150827173832 4.13 Low+ 91.88 -5.27 -3.78 4.73 8.85 8.63 7.02 88 54.31 126.29 
test120150827174012 4.13 Low 55.97 -5.93 -2.97 6.24 11.38 10.48 7.86 77.65 18.62 43.29 
test120150827174227 8.10 High 90.15 -6.00 -3.67 5.49 9.45 9.38 7.29 86.43 71.11 165.37 
test120150827174414 8.10 High- 86.47 -4.82 -4.33 7.43 10.09 9.67 8.01 80.43 52.62 122.38 
test120150827174605 8.10 Low+ 91.28 -5.31 -4.88 6.49 9.37 9.18 7.06 87.08 58.01 134.91 
test120150827174744 8.10 Low 71.6 -5.34 -5.93 8.89 11.00 10.15 7.20 79.15 21.61 50.25 
test120150827174955 16.00 High 84.57 -9.66 -3.15 9.51 12.10 11.72 8.73 82.65 70.97 165.04 
test120150827175232 16.00 High- 87.49 -9.27 -3.30 9.84 11.78 11.50 8.46 83.66 51.96 120.84 
test120150827175510 16.00 Low+ 85.17 -9.51 -3.04 9.92 11.96 11.85 9.27 82.62 59.82 139.11 
test120150827175830 16.00 Low 83.05 -9.92 -3.13 9.92 12.89 11.24 9.11 81.67 21.75 50.59 
test120150827180226 33.15 High 83.68 -9.82 -3.39 9.85 12.17 11.56 8.87 82.66 70.11 163.04 
test120150827180403 33.15 High- 87.92 -9.21 -3.27 9.64 12.06 11.63 8.95 83.93 49.61 115.37 
test120150827180541 33.15 Low+ 87.58 -9.39 -3.45 10.32 12.02 11.69 9.00 83.23 54.93 127.76 
test120150827180714 33.15 Low 84.37 -9.93 -2.61 10.21 12.52 11.63 9.02 81.37 19.19 44.63 
test120150827181148 50.13 High 83.99 -8.84 -3.42 8.60 11.75 11.77 8.43 81.99 70.2 163.26 
test120150827181324 50.13 High- 86.53 -8.76 -3.04 9.29 11.67 11.96 8.81 83.56 35.77 83.17 
test120150827181501 50.13 Low+ 87.45 -9.82 -2.87 8.42 11.09 11.05 8.70 84.28 46.14 107.31 
test120150827181642 50.13 Low 61.24 -8.26 -3.43 9.22 13.61 12.33 9.46 75.14 14.07 32.72 
test120150827182321 66.00 High 85.59 -5.92 -4.56 7.19 11.13 10.49 8.24 83.7 67.31 156.55 
test120150827182521 66.00 High- 86.59 -6.92 -4.80 8.01 11.32 10.34 8.89 84.43 29.21 67.93 
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test120150827182712 66.00 Low+ 88.25 -6.51 -4.53 8.12 10.89 10.84 8.50 84.83 34.55 80.35 
test120150827182846 66.00 Low 54.6 -6.96 -4.63 8.76 14.24 12.41 8.61 75.98 10.18 23.67 
 
Notes: ADV Vectrino+ data scanned at 200 Hz for 1 minute; Ampl: acoustic backscatter amplitude 
(counts); Avg: time-averaged; COR: correlation; Percent. good samples: percentage of good ADV 
samples after post-processing; SNR: signal to noise ratio; Std: standard deviation. 
 
E.2.2 Series 2 
Location: The University of Bordeaux (France) 
Date: 31 August 2015 
Experiments by: Xinqian LENG  and Hubert CHANSON  
Data processing 
by: 
Hubert CHANSON and Xinqian LENG  
Soil and water 
samples: 
Tap water (20 l). 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line at end of ebb tide on 30 August 
2015 at 16:46. 
Instrumentation: NortekTM ADV Vectrino+ (10 MHz, serial number VNO1356) with a three-
dimensional down-looking field head scanned at 200 Hz for 1 minute for 
each test. ADV settings: velocity range: 2.5 m/s, transmit length: 0.3 mm, 
sampling volume: 1 mm, power setting: High- & Low. 
Comments: Soil sample collection on a sunny day. 
Characteristic grain sizes: d10 = 4.11 m, d50 = 14.47 m, d90 = 53.22 m. 
All the samples were kept in sealed, water tight containers until testing. 
 
Run SSC      ADV      
  Power 
setting 
Percent. 
good 
samples 
Avg 
Vx 
Avg 
Vy 
Avg 
Vz 
Std Vx Std Vy Std Vz Avg 
COR 
Avg 
SNR 
Avg 
Ampl 
 kg/m3  % cm/s cm/s cm/s cm/s cm/s cm/s % dB Counts 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
Calib20150831103703 0.00 High- 19.61 0.60 -3.80 -8.53 176.17 173.33 46.45 70.58 13.48 31.36 
Calib20150831103843 0.00 Low 5.42 -10.96 -2.41 -9.21 168.68 174.08 45.50 70.94 5.54 12.88 
Calib20150831104227 0.00 High- 38.5 1.34 -1.77 -1.47 91.06 66.13 25.01 73.39 9.83 22.87 
Calib20150831104411 0.00 Low 13.39 6.13 -6.25 -3.54 132.45 127.22 35.58 71.53 7.69 17.88 
Calib20150831105455 0.01 High- 40.41 -2.28 -1.79 0.47 23.82 12.31 9.57 76.80 12.62 29.36 
Calib20150831105620 0.01 Low 17.71 -2.07 -5.89 -0.83 123.84 110.63 32.80 70.74 7.87 18.29 
Calib20150831105814 0.12 High- 86.47 -0.60 -0.99 0.60 10.53 8.61 7.20 84.64 17.56 40.84 
Calib20150831105947 0.12 Low 38.47 0.59 -0.74 -1.00 57.08 16.91 17.96 72.55 7.79 18.11 
Calib20150831110234 0.52 High- 94.01 0.13 -1.02 -0.46 9.16 7.23 6.53 90.44 36.41 84.67 
Calib20150831110458 0.52 Low 68.28 0.30 -1.06 -0.02 11.86 9.49 7.58 79.47 11.95 27.79 
Calib20150831110717 1.05 High- 92.49 -0.21 -0.65 -1.34 9.09 7.20 6.40 90.56 40.25 93.62 
Calib20150831110849 1.05 Low 86.25 -1.27 -1.61 0.48 10.71 8.70 6.59 83.94 15.25 35.46 
Calib20150831111057 2.06 High- 93.21 -1.15 -2.04 -1.19 8.88 7.27 6.83 90.86 51.80 120.47 
Calib20150831111241 2.06 Low 92.32 -1.39 -1.87 0.28 9.56 7.85 6.41 87.38 20.16 46.90 
Calib20150831111440 4.89 High- 90.55 -12.01 -6.32 8.38 11.92 10.93 8.27 84.92 60.90 141.63 
Calib20150831111603 4.89 Low 90.57 -11.90 -6.02 8.51 11.07 10.57 8.32 85.92 27.02 62.84 
Calib20150831111803 9.60 High- 89.81 -12.76 -7.46 8.66 11.59 11.22 8.53 84.48 63.90 148.61 
Calib20150831111925 9.60 Low 90.94 -12.41 -7.12 8.12 11.39 10.35 8.57 85.76 29.47 68.53 
Calib20150831112142 14.46 High- 89.89 -11.86 -6.52 8.27 11.43 10.69 8.31 84.74 61.93 144.01 
Calib20150831112306 14.46 Low 91.39 -12.51 -6.83 9.24 11.30 11.08 8.54 85.87 32.49 75.56 
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Calib20150831112501 19.38 High- 89.66 -11.97 -6.50 7.85 11.63 10.99 8.54 85.10 60.47 140.62 
Calib20150831112622 19.38 Low 91.44 -12.98 -7.12 8.97 11.64 10.83 9.03 85.46 30.89 71.83 
Calib20150831112833 29.14 High- 89.44 -12.87 -7.60 9.44 11.38 11.09 9.44 85.08 56.72 131.92 
Calib20150831112956 29.14 Low 90.69 -13.82 -7.79 9.44 11.61 11.02 8.65 85.09 26.42 61.45 
Calib20150831113204 38.81 High- 85.96 -11.82 -6.62 10.76 11.99 11.28 9.20 79.67 51.59 119.97 
Calib20150831113327 38.81 Low 89.81 -11.73 -6.19 8.65 12.36 10.79 9.41 84.05 21.21 49.32 
Calib20150831113520 48.77 High- 90.55 -11.75 -7.05 7.81 11.52 10.84 8.42 86.37 44.92 104.47 
Calib20150831113642 48.77 Low 86.61 -12.47 -7.58 8.91 11.92 11.43 9.37 82.71 16.02 37.25 
Calib20150831113838 58.47 High- 90.78 -13.20 -7.12 8.58 11.77 10.76 8.94 85.76 37.74 87.76 
Calib20150831114000 58.47 Low 76.2 -14.21 -7.51 9.50 12.90 12.34 9.92 79.73 11.62 27.02 
Calib20150831114202 68.39 High- 90.38 -13.27 -6.98 9.14 12.02 11.12 8.88 84.96 25.79 59.97 
Calib20150831114329 68.39 Low 55.93 -13.74 -7.65 9.60 14.85 13.35 10.09 76.71 8.89 20.67 
 
Notes: ADV Vectrino+ data scanned at 200 Hz for 1 minute; Ampl: acoustic backscatter amplitude 
(counts); Avg: time-averaged; COR: correlation; Percent. good samples: percentage of good ADV 
samples after post-processing; SNR: signal to noise ratio; Std: standard deviation. 
 
E.2.3 Series 3 
Location: The University of Bordeaux (France) 
Date: 2 September 2015 
Experiments by: Hubert CHANSON and Xinqian LENG 
Data processing 
by: 
Xinqian LENG and Hubert CHANSON 
Soil and water 
samples: 
Tap water (20 l). 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line at end of ebb tide on 1 September 
2015 at 18:40. 
Instrumentation: NortekTM ADV Vectrino+ (10 MHz, serial number VNO1356) with a three-
dimensional down-looking field head scanned at 200 Hz for 1 minute for 
each test. ADV settings: velocity range: 2.5 m/s, transmit length: 0.3 mm, 
sampling volume: 1 mm, power setting: High-. 
Comments: Soil sample collection on a sunny day. 
Characteristic grain sizes: d10 = 4.56 m, d50 = 19.40 m, d90 = 91.10 m. 
All the samples were kept in sealed, water tight containers until testing. 
 
Run SSC      ADV      
  Power 
setting 
Percent. 
good 
samples 
Avg 
Vx 
Avg 
Vy 
Avg 
Vz 
Std Vx Std Vy Std Vz Avg 
COR 
Avg 
SNR 
Avg 
Ampl 
 kg/m3  % cm/s cm/s cm/s cm/s cm/s cm/s % dB Counts 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
test20150902144315 0.01 High- 34.53 -5.51 5.02 6.07 54.71 18.57 16.40 72.80 12.05 28.02 
test20150902144650 0.11 High- 91.85 -4.36 4.73 4.34 8.64 8.09 5.65 86.46 25.73 59.84 
test20150902144924 0.50 High- 91.95 -3.15 5.38 3.89 7.60 7.92 5.37 90.99 43.54 101.27 
test20150902145246 0.99 High- 92.25 -2.91 5.52 3.80 7.94 8.19 5.38 90.51 53.06 123.40 
test20150902145512 2.17 High- 92.56 -2.87 5.51 4.10 7.46 7.66 5.72 90.99 57.30 133.26 
test20150902150213 5.34 High- 92.98 -3.39 5.60 5.10 7.39 8.06 5.55 90.20 64.99 151.14 
test20150902150547 10.12 High- 92.94 -4.20 5.02 5.41 7.48 7.91 5.37 89.95 66.38 154.38 
test20150902150857 15.28 High- 93.37 -3.42 6.15 4.95 7.47 7.78 5.64 90.27 66.01 153.52 
test20150902151155 19.99 High- 92.35 -3.98 6.39 5.37 7.64 8.16 5.37 90.02 64.03 148.90 
test20150902151530 29.45 High- 85.73 -4.42 15.71 3.27 13.20 12.72 8.17 81.74 61.56 143.16 
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test20150902151840 39.05 High- 87.56 -4.69 15.99 3.69 13.30 12.39 8.77 82.72 48.07 111.79 
test20150902152227 48.45 High- 87.3 -6.10 17.76 4.35 14.01 12.02 8.77 82.32 37.40 86.98 
test20150902152622 58.43 High- 86.78 -6.11 16.75 4.94 13.41 12.37 8.96 81.51 29.56 68.74 
test20150902153042 67.58 High- 84.32 -4.88 16.90 5.13 13.77 12.42 8.77 80.23 21.72 50.51 
test20150902153505 75.73 High- 70.9 -5.35 17.31 5.51 14.60 13.25 9.51 76.73 16.58 38.56 
 
Notes: ADV Vectrino+ data scanned at 200 Hz for 1 minute; Ampl: acoustic backscatter amplitude 
(counts); Avg: time-averaged; COR: correlation; Percent. good samples: percentage of good ADV 
samples after post-processing; SNR: signal to noise ratio; Std: standard deviation. 
 
E.2.4 Series 4 
Location: The University of Bordeaux (France) 
Date: 28 October 2015 
Experiments by: Hubert CHANSON and Matthias KRAMER 
Data processing 
by: 
Hubert CHANSON 
Soil and water 
samples: 
Tap water (20 l). 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line at end of ebb tide on 1 September 
2015 at 18:40. 
Instrumentation: NortekTM ADV Vectrino+ (10 MHz, serial number VNO1356) with a three-
dimensional down-looking field head scanned at 200 Hz for 1 minute for 
each test. ADV settings: velocity range: 0.3 m/s, transmit length: 0.3 mm, 
sampling volume: 1 mm, power setting: High-. 
Comments: Soil sample collection on an overcast day (27 October 2015) 
Characteristic grain sizes: d10 = 4.31 m, d50 = 16.18 m, d90 = 71.20 m. 
All the samples were kept in sealed, water tight containers until testing. 
 
Run SSC      ADV      
  Power 
setting 
Percent. 
good 
samples 
Avg 
Vx 
Avg 
Vy 
Avg 
Vz 
Std Vx Std Vy Std Vz Avg 
COR 
Avg 
SNR 
Avg 
Ampl 
 kg/m3  % cm/s cm/s cm/s cm/s cm/s cm/s % dB Counts 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
Calib20151028113418 0.00 High- 62.27 6.37 -5.70 2.88 38.72 35.65 11.06 79.29 9.60 22.33 
Calib20151028125138 0.00 High- 58.01 5.33 -5.01 2.64 40.00 36.92 11.29 78.66 8.86 20.60 
Calib20151028130624 0.02 High- 65.28 10.21 -12.09 7.18 27.54 29.46 9.80 79.38 9.29 21.60 
Calib20151028130901 0.15 High- 55.56 13.31 -18.99 8.33 14.54 16.34 6.85 77.86 18.72 43.54 
Calib20151028131250 0.57 High- 55.15 13.18 -18.02 8.57 12.97 15.40 6.98 76.93 33.37 77.60 
Calib20151028131522 1.08 High- 55.18 13.41 -17.73 8.15 13.15 15.15 6.90 76.53 42.13 97.98 
Calib20151028131803 2.06 High- 54.65 13.18 -19.17 8.65 12.74 15.78 6.83 76.17 49.83 115.89 
Calib20151028132053 4.76 High- 51.33 13.40 -19.22 9.16 12.95 16.08 6.83 75.69 57.83 134.48 
Calib20151028132434 9.49 High- 56.11 12.49 -24.41 3.61 13.78 16.60 7.56 74.97 60.00 139.54 
Calib20151028132732 14.42 High- 51.00 15.21 -29.38 4.81 16.00 20.76 7.82 73.83 59.78 139.03 
Calib20151028133052 19.55 High- 50.83 15.35 -29.26 4.96 15.51 20.66 7.66 74.13 57.87 134.58 
Calib20151028133400 28.13 High- 51.17 15.61 -29.43 4.87 15.17 20.09 7.42 74.21 52.70 122.56 
Calib20151028133749 37.45 High- 51.33 16.01 -29.69 4.78 15.35 20.55 7.74 74.36 45.22 105.17 
Calib20151028134129 46.90 High- 51.27 16.14 -28.57 5.60 16.36 20.75 7.79 74.59 36.48 84.84 
Calib20151028134450 55.94 High- 50.94 16.33 -27.44 4.95 17.26 23.63 8.49 74.18 28.89 67.19 
Calib20151028134818 64.50 High- 51.65 16.33 -27.95 5.14 17.78 22.25 8.07 74.35 22.55 52.45 
Calib20151028135116 74.18 High- 53.24 15.30 -27.61 4.74 19.06 22.45 8.34 74.67 16.84 39.16 
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E.2.5 Series 5 
Location: The University of Bordeaux (France) 
Date: 29 October 2015 
Experiments by: Hubert CHANSON 
Data processing 
by: 
Hubert CHANSON 
Soil and water 
samples: 
Tap water (15 l). 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank above the low water line at end of ebb tide on 1 September 
2015 at 18:40. 
Instrumentation: NortekTM ADV Vectrino+ (10 MHz, serial number VNO1356) with a three-
dimensional down-looking field head scanned at 200 Hz for 1 minute for 
each test. ADV settings: velocity range: 2.5 m/s, transmit length: 0.3 mm, 
sampling volume: 1 mm, power setting: High-. 
Comments: Soil sample collection on an overcast day (27 October 2015). 
Characteristic grain sizes: d10 = 4.31 m, d50 = 16.18 m, d90 = 71.20 m. 
All the samples were kept in sealed, water tight containers until testing. 
 
Run SSC      ADV      
  Power 
setting 
Percent. 
good 
samples 
Avg 
Vx 
Avg 
Vy 
Avg 
Vz 
Std Vx Std Vy Std Vz Avg 
COR 
Avg 
SNR 
Avg 
Ampl 
 kg/m3  % cm/s cm/s cm/s cm/s cm/s cm/s % dB Counts 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
Calib20151029132129 0.00 High - 42.20 -0.59 -22.57 0.31 69.74 45.81 21.19 73.88 13.93 32.39 
Calib20151029132440 0.09 High - 76.80 1.42 -22.79 -1.02 17.73 15.27 11.55 79.69 21.02 48.89 
Calib20151029132646 0.67 High - 84.68 1.53 -22.80 -0.19 16.96 14.00 10.30 81.76 43.29 100.69 
Calib20151029132842 1.57 High - 82.80 2.75 -24.77 -1.72 17.17 14.49 11.03 80.54 53.73 124.95 
Calib20151029133042 3.24 High - 81.13 3.53 -26.10 -1.64 17.60 14.97 10.77 79.01 59.83 139.14 
Calib20151029133309 7.56 High - 80.71 2.41 -25.52 -1.48 17.74 15.09 10.74 78.90 64.32 149.58 
Calib20151029133608 14.86 High - 78.94 3.65 -26.80 -1.95 17.87 15.01 11.00 78.67 64.07 149.01 
Calib20151029133907 25.02 High - 78.49 4.33 -26.12 -2.25 18.14 15.94 10.62 78.39 60.28 140.20 
Calib20151029134232 33.39 High - 80.31 3.92 -27.77 -3.18 18.13 15.04 10.25 79.51 54.88 127.63 
Calib20151029134636 39.89 High - 82.15 3.44 -25.76 -3.80 17.06 14.70 10.53 80.33 49.37 114.82 
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(A) Relationship between suspended sediment concentration (SSC) and acoustic signal amplitude 
(Ampl) for several ADV Vectrino+ power settings 
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(B) Relationship between suspended sediment concentration (SSC) and signal to noise ratio (SNR) 
for several ADV Vectrino+ power settings 
Fig. E-2 - Relationship between suspended sediment concentration (SSC) and ADV signal to noise 
ratio (SNR) and acoustic signal amplitude (Ampl) for dilute solutions of sediment samples collected 
in the Arcins channel, Garonne River in August-September 2015 - Legend indicates sample 
collection date and ADV power settings 
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(A, Left) Relationship between suspended sediment concentration (SSC) and acoustic signal 
amplitude (Ampl) for ADV Vectrino+ power setting High- 
(B, Right) Relationship between suspended sediment concentration (SSC) and signal to noise ratio 
(SNR) for ADV Vectrino+ power setting High- 
Fig. E-3 - Relationship between suspended sediment concentration (SSC) and ADV signal to noise 
ratio (SNR) and acoustic signal amplitude (Ampl) for dilute solutions of sediment samples collected 
in the Arcins channel, Garonne River in August-September-October 2015 - ADV Vectrino+ power 
setting: High- 
 
Discussion 
The data showed a marked difference in the relationship between SSC and ADV signal amplitude 
depending upon the ADV power settings. SALEHI and STROM (2009) reported a similar finding 
with a Nortek ADV Vectrino+. Herein some signal saturation was observed for SSC > 2 kg/m3 with 
the High power setting (Fig. E-2). With the other power settings (High-, Low+, Low), saturation 
was seen for SSC > 5-8 kg/m3. At higher sediment concentrations, the signal was attenuated with 
decreasing backscatter amplitude and SNR with increasing SSC (Fig. E-2). A similar trend was 
previously documented with ADVs (CHANSON et al. 2011, SALEHI and STROM 2011, BROWN 
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and CHANSON 2012, REUNGOAT et al. 2014). This is believed to be linked multiple scattering 
and associated sound absorption (DOWNING et al. 1995, GUERRERO et al. 2011, HA et al. 2009). 
The ADV data showed a monotonic increase in signal amplitude counts with increasing SSC up to 
5-8 kg/m3 (Fig. E-3). The ADV data trend was consistent with earlier results with cohesive 
sediments including CHANSON et al. (2008), HA et al. (2009), CHANSON et al. (2011), BROWN 
and CHANSON (2012), REUNGOAT et al. (2014) and KEEVIL et al. (2015). For larger suspended 
sediment concentrations (SSC > 8-10 kg/m3), some signal amplitude attenuation was observed as 
reported by HA et al. (2009) and CHANSON et al. (2011). The present results indicated a 
maximum backscatter amplitude for a characteristic suspended sediment concentration (SSC)c  5-8 
kg/m3, as well as key differences between the different ADV settings. These differences tended to 
illustrate that the calibration of an acoustic backscatter system is specific to the instrument itself, to 
its settings, and to the type of sediment materials of the natural system. The calibration data sets 
were fitted with simple correlation curves for SSC < (SSC)c and SSC > (SSC)c. The results are 
summarised in Table E-1. 
Interestingly the relationship between SNR and SSC presented a similar shape (Table E-1, Fig. E-2 
and E-3). The finding supported the observation of SALEHI and STROM (2009) that "the [ADV] 
Vectrino is a useful tool for recording simultaneous velocity and SSC time series data for sediment 
flux". 
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Table E-1 - Correlation between backscatter amplitude, signal to noise ratio (SNR) and suspended 
sediment concentration (SSC) for the sediment samples at Arcins in August-September-October 
2015 
 
Instrument Power 
setting 
Sample(s) Calibration 
date 
Correlation Validity 
range 
Comments 
(1) (2) (3) (4) (5) (6) (7) 
NortekTM 
ADV 
Vectrino+ 
High- Arcins, 30 
Aug. 2015 
& 1 Sept. 
2015 
31 Aug. 
2015 & 1 
Set. 2015 
Ampl0551.07 e10232.11
23913SSC 
  
 
SSC < 5 
kg/m3 
R = 0.9485 
    
SNR12805.06 e10495.41
8758SSC 
   R = 0.9484 
    )Ampl(Ln85.4478.247SSC   
 
SSC > 10 
kg/m3 
R = 0.9487 
    )SNR(Ln85.4493.209SSC    R = 0.9487 
NortekTM 
ADV 
Vectrino+ 
High - Arcins, 27 
Oct. 2015 
28 & 29 
Oct. 2015 Ampl0355.0e3.10131
60.33SSC 
  SSC < 5 kg/m3 
R = 0.8976 
    
SNR0897.0e9.30941
54.72SSC 
   R = 0.898 
    )Ampl(Ln13.4514.244SSC   SSC > 10 
kg/m3 
R = 0.954 
    )SNR(Ln13.4505.206SSC    R = 0.954 
NortekTM 
ADV 
Vectrino+ 
Low Arcins, 30 
Aug. 2015 
31 Aug. 
2015 Ampl07793.0e28621
32.130SSC   
SSC < 8 
kg/m3 
R = 0.9959 
    
SNR181.0e28941
26.132SSC   
 R = 0.9959 
    )Ampl(Ln91.3905.191SSC   SSC > 10 
kg/m3 
R = 0.9911 
    )SNR(Ln915.3939.157SSC    R = 0.9911 
 
Notes: Ampl: ADV backscatter amplitude in counts; R: normalised coefficient of correlation; SSC: 
suspended sediment concentration in kg/m3; SNR: signal to noise ratio (dB). 
 
E.3 APPLICATION 
The ADV signal amplitude was recorded continuously on 29 August, 30 August, 31 August, 1 
September and 27 October 2015 starting at the end of the ebb tide, and encompassing the tidal bore 
passage and the early flood tide. For all field works, the Garonne River appeared to be turbid to 
very turbid. During the instrumentation setup (1 to 2 hours before the bore), the equivalent Secchi 
disk height was about 15-30 mm. 
A number of sediment-laden water samples were collected at Arcins in the Garonne River on 29 
August, 30 August, 31 August, 26 October and 27 October 2015 before and after the tidal bore. The 
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collection time and analysis results are reported in Table E-2. The water samples were collected 
about 0.1 m below the water surface. They were analysed subsequently in laboratory to yield the 
suspended sediment concentration. Overall the data indicated a similar trend: the sample analyses 
showed a low suspended sediment concentration prior to the tidal bore, with SSC (3) of 5-7 kg/m3 
before the bore in August 2015, and about 1 kg/m3 in October 2015 before the bore passage. After 
the tidal bore, the suspended sediment concentrations were higher with SSC up to 67 kg/m3 on 31 
August 2015 about 12 minutes after the bore passage. All the data are summarised in Figure E-4, 
showing the suspended sediment concentration of sediment-laden water samples as a function of the 
time of passage of tidal bore on the collection day. 
The data were consistent with a number of on-site visual observations. During the tidal bore passage 
and early flood tide, the authors noted the dark brown colour of the flood tide, with intense 
sediment mixing next to both channel banks during the tidal bore passage, the 'backward' bore event 
and the early flood tide, as well as sediment upwelling in the deeper sections of the channel and 
sediment flocs bursting at the free-surface (Fig. E-5, App. B). Figure E-5 presents a number of 
photographic observations and further photographs are available in Appendix B. Figure E-6 shows a 
photograph of five water samples collected before and after the tidal bore passage. The samples 
obtained after the bore presently consistently a darker colour: i.e., three samples on the right in 
Figure E-6. 
The sediment-laden water sample data analyses were compared to the calibration data of the ADV 
unit in Figure E-7. The results indicated a reasonable agreement between the sediment 
concentration in water samples and ADV acoustic backscatter data for both ADV settings, except 
for two data points (Table E-2, Fig. E-7A). On 29 August 2015, the signal amplitude data were not 
of good quality at the times of the water sample collection: the ADV signal processing yielded 
between 15% and 70% of erroneous ADV data (4). Except for these two points, the results showed 
that the ADV signal amplitude may be used as a surrogate of SSC, with the proper calibration (Fig. 
E-7). 
 
                                                 
3 Calculated in terms of wet sediment mass to be consistent with the ADV calibration method and past data 
(CHANSON et al. 2011, REUNGOAT et al. 204, KEEVIL et al. 2015). 
4 That, 15% to 70% of ADV data were deemed erroneous because of low correlation, low SNR, large 
number of spikes, communication errors, or a combination of the above. 
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Fig. E-4 - Suspended sediment concentration of sediment-laden water samples collected at Arcins in 
August and October 2015 as a function of the time of passage of tidal bore on the collection day 
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Table E-2 - Suspended sediment concentration of sediment-laden water samples collected at Arcins 
in August and October 2015: laboratory analyses 
 
Sampling date Sampling 
time 
ADV 
amplitude 
ADV 
amplitude 
SSC SSC Comments 
  Mean Std wet 
sediment 
dry 
sediment 
 
  counts counts kg/m3 kg/m3  
(1) (2) (3) (4) (5) (6) (7) 
29 August 2015 16:38 55.1 20 62.4 11.89 After tidal bore. 
 16:56 45.0 9.1 41.0 7.81  
 17:45 33.7 5.7 25.2 4.79  
30 August 2015 15:47 39.8 11.1 7.02 1.34 Prior to tidal bore.  
 17:20 55.0 11.1 3.38 6.42 After tidal bore. 
 17:40 48.5 8.0 38.2 7.28  
 18:13 49.4 10.0 15.6 2.97  
31 August 2015 17:56 131 30.7 5.82 1.109 Prior to tidal bore.  
 18:17 93.5 15.4 67.1 12.78 After tidal bore. 
 18:42 123 14.4 32.6 6.21  
 19:15 109 14.6 42.7 8.14  
26 October 2015 14:00 -- -- 0.97 5.10 Prior to tidal bore 
 15:15 -- -- 7.55 39.63 After tidal bore 
27 October 2015 14:00 -- -- 1.10 5.75 Prior to tidal bore 
 15:00 110.7 22.9 1.06 5.54  
 15:55 130.9 13.2 7.85 41.22 After tidal bore 
 15:59 128.1 13.2 4.85 25.47  
 16:15 134.5 13.3 3.41 17.92  
 16;32 134.6 13.2 5.09 26.74  
 17:15 126.6 13.9 1.59 8.36  
 
Notes: Bold italic data: suspicious, possibly erroneous data; Italic data: data quality unknown; (--): 
data not available. 
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(A) Looking downstream from the sampling site about 40 minutes after the tidal bore passage on 29 
August 2015 at 17:04 
 
(B) Looking downstream at the right bank about 10 minutes after tidal bore passage on 30 August 
2015 at 17:26 
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(C) Sediment flocs bursting at the free-surface immediately north of the pontoon on 30 August 2015 
at 17:42 (about 40 minutes after tidal bore passage) 
 
(D) Sediment mixing along the left bank during the downstream propagation of 'backward' bore 
(arrow) past the sampling point on 31 August 2015 at 18:14 (12 minutes after tidal bore passage) 
Fig. E-5 - Sediment mixing at the surface of the Arcins channel during and after tidal bore passage 
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Fig. E-6 - Photograph of sediment-laden water samples collected on 27 October 2015 respectively 
at 14:00, 15:05 [before bore], 15:55, 15:59, 16:17 [after bore] (from right to left)- Tidal bore 
passage at 15:40- All samples were thoroughly mixed prior to the photograph 
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(A) ADV power setting: High- - Mud samples collected on 30 August and 1 September 2015 & 
Water samples collected on 29 August and 31 August 2015 
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(B) ADV power setting: Low - Mud sample collected on 30 August 2015 & Water sample collected 
on 30 August 2015 
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(C) ADV power setting: High- - Mud sample collected on 27 October 2015 & Water sample 
collected on 27 October 2015 
Fig. E-7 - Relationship between suspended sediment concentration (SSC) and ADV signal 
amplitude with the sediment samples collected in the Arcins channel, Garonne River on 30 August, 
1 September and 27 October 2015 - Comparison with the sediment-laden water samples collected 
on 29, 30 and 31 August 2015 and ADV signal amplitude readings at time of water sampling 
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Typical raw data are shown in Figure E-8 where the signal amplitudes are compared to the time 
variations of the water depth. The instantaneous ADV signal amplitude varied from 13.7 to 207 
counts, with a median value of 117 counts for the whole data set (Fig. E-9). Figure E-9 presents the 
histograms of instantaneous ADV signal amplitudes before and after the tidal bore passage. 
 
 
Fig. E-8 - Time variation of the water depth and ADV signal amplitude in the Arcins channel, 
Garonne River on 31 September 2015 
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(A) Before tidal bore (B) After tidal bore 
Fig. E-9 - Histogram of instantaneous ADV signal amplitude in the Arcins channel, Garonne River 
E-20 
on 31 August 2015 
 
Application to field data 
Basically the field observations indicated that the suspended sediment concentrations (SSCs) were 
relatively low prior the tidal bore, while much larger sediment concentration levels were observed 
during and after the passage of the tidal bore (Table E-1, Fig. E4 & E-6). As a result, it is assumed 
that, prior to the tidal bore, the relationship between SSC and backscatter amplitude was 
monotically increasing. The SSC estimates were calculated using the following the ADV calibration 
curve: 
 Ampl0551.07 e10232.11
23913SSC 
  SSC < 5 kg/m3 (Power = High-)  (E-1A) 
 Ampl07793.0e28621
32.130SSC   SSC < 5 kg/m
3 (Power = Low)  (E-1B) 
where the backscatter amplitude (Ampl) is in counts, and the suspended sediment concentration 
SSC is in kg/m3 (5). 
During and after the passage of the tidal bore, the SSC levels were significantly larger and it is 
assumed that the relationship between SSC estimate and backscatter amplitude was monotically 
decreasing. That is, the ADV backscatter amplitude was attenuated by the heavily sediment-laden 
flow and the suspended sediment estimates were deduced from the calibration curve: 
 )Ampl(Ln85.4478.247SSC   SSC > 8 kg/m3 (Power = High-)  (E-2A) 
 )Ampl(Ln91.3905.191SSC   SSC > 8 kg/m3 (Power = Low)  (E-2B) 
Equations (E-1) and (E-2) were applied to the field data set before and after the tidal bore passage 
respectively. The results in terms of SSC estimates are presented in Figure E-10. 
The SSC estimate data indicated some large sediment concentrations during the tidal bore as well as 
during the 'backward' bore event (Fig. E-10, Table E-2). The result was consistent with the field 
observations of murky water during the bore and they were close to the water sample data, although 
the latter were collected closer to the water surface. Table E-2 summarises some key suspended 
sediment concentration characteristics for each data set. The data suggested: 
- a gradual increase in initial mean SSC estimate prior to the bore from 29 August to 1 September 
2015, which could be consistent with the thinner layer to sediment deposition on the river bank for 
the same period; 
                                                 
5 The ADV power setting was Low on 30 August 2015, and High- on 29 August, 31 August and 1 September 
2015. 
E-21 
- very large SSC estimates during the passage of the tidal bore front as well as during the passage of 
the 'backward' bore; 
- some substantial SSC estimate levels during the early flood tide for the entire record durations. 
 
Table E2 - Characteristic SSC estimates prior to, during and following the tidal bore 
 
Sampling date SSC  SSC  SSCmax SSCmax SSC  
 Before After During During End 
 bore (1) bore (2) bore (3) 'backward' 
bore 
data set 
(1) (2) (3) (4) (5) (6) 
29 August 2015 0.78 70.4 107.2 N/A 89.3 
30 August 2015 1.80 40.2 91.9 93.0 35.9 
31 August 2015 5.79 36.1 91.9 130.5 37.2 
1 September 2015 5.06 41.5 88.3 109.8 45.6 
27 October 2015 0.86 28.2 49.9 44.4 44.5 
 
Notes: (1): last 3,600 s before bore passage; (2): first 3,600 s after bore passage; (3) during first 300 s 
after bore front passage; Italic data: large proportion of missing data. 
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(A) 29 August 2015 
 
(B) 30 August 2015 
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(C) 31 August 2015 
 
(D) 1 September 2015 
E-24 
 
(E) 27 October 2015 
Fig. E-10 - Time variation of the water depth and SSC estimates in the Arcins channel, Garonne 
River in 2015 - Comparison with the sediment-laden water sample data 
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APPENDIX F - BATHYMETRIC SURVEY OF THE ARCINS CHANNEL, 
GARONNE RIVER DURING THE FIELD STUDY G15 (29-31 AUGUST-1 
SEPTEMBER-27 OCTOBER 2015) 
F.1 PRESENTATION 
The field investigation G15 was conducted in the Arcins channel of the Garonne River (France), 
close to Lastrene, at the same site previously used by CHANSON et al. (2011), REUNGOAT et al. 
(2014,2015) and KEEVIL et al. (2015). The Arcins channel is located between the Arcins Island 
and the right bank; it is 1.8 km long, 70 m wide and about 1.1 to 2.5 m deep at low tide. The 
following section presents the cross-sectional surveys recorded on 29 August, 30 August, 31 
August, 1 September and 27 October 2015, with z being the vertical elevation in m NGF IGN69 (1). 
The 2015 surveys were conducted at the same cross-section as for the 2010, 2012 and 2013 surveys. 
The data are compared with previous bathymetric survey data at the same location in the last section 
(2). Each figure includes the initial water depth d1 and conjugate water depth d2 measured at the 
survey staff. The survey staff location is shown is Figure 2-2B. 
The bathymetric data indicated a progressive siltation of the Arcins channel at the sampling site 
with: 
- a progressive siltation of channel since 2012; 
- some siltation of the right bank between 2013 and 2015; and 
- a lack of 2015 survey data close to the right bank (i.e. towards the island). 
 
                                                 
1 The NGF IGN69 Datum is 1.84 m above the datum of the Bordeaux tidal gauge. 
2 For completeness, the calculations of 2015 survey data and re-calculations of 2013 bathymetry data were 
consistently higher than the 2010, 2012 and 2013 original calculations. In particular the re-calculations of 
2013 survey data (19 Oct. 2013) were systematically 1.768 m ±2 mm above the original calculations, this 
difference of 1.768 m being independent of the distance from the pylon and of the time. After careful 
considerations, all the 2015 calculations were translated by -1.768 m. 
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F.2 OBSERVATIONS 
Distance (m) from pylon centreline - Looking upstream
z 
m
 (N
G
F-
IG
N
 1
96
9)
-6 0 6 12 18 24 30 36 42 48 54 60 66
-5
-4.5
-4
-3.5
-3
-2.5
-2
-1.5
d1 = 1.685 m (at survey staff]
d2 = 2.023 m
29/8/2015
19/10/2013
 
Fig. F-1 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 29 August 2015 - 
Comparison with the 2013 survey data at the same cross-section - Water levels immediately before 
and after bore front are shown (29 August 2015) as well as ADV control volume before bore (black 
square) 
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Fig. F-2 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 30 August 2015 - 
F-3 
Comparison with the 2013 survey data at the same cross-section - Water levels immediately before 
and after bore front are shown (30 August 2015) as well as ADV control volume before bore (black 
square) 
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Fig. F-3 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 31 August 2015 - 
Comparison with the 2013 survey data at the same cross-section - Water levels immediately before 
and after bore front are shown (31 August 2015) as well as ADV control volume before bore (black 
square) 
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Fig. F-4 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 1 September 2015 - 
Comparison with the 2013 survey data at the same cross-section - Water levels immediately before 
and after bore front are shown (1 September 2015) as well as ADV control volume before bore 
(black square) 
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Fig. F-5 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 27 October 2015 - 
Comparison with the 2013 survey data at the same cross-section - Water levels immediately before 
and after bore front are shown (27 October 2015) as well as ADV control volume before bore 
F-5 
(black square) 
 
F.3 COMPARISON WITH PREVIOUS BATHYMETRIC SURVEY OBSERVATIONS 
Distance (m) from pylon centreline - Looking upstream
z 
m
 (N
G
F-
IG
N
 1
96
9)
-20 -10 0 10 20 30 40 50 60 70 80
-5
-4.75
-4.5
-4.25
-4
-3.75
-3.5
-3.25
-3
-2.75
-2.5
-2.25
-2
-1.75
-1.5
-1.25
-1
-0.75
-0.5
-0.25
0
29/8/2015
30/8/2015
31/8/2015
1/9/2015
27/10/2015
Bed (19/10/13)
Bed (7/6/2012)
Bed (11/9/2010)
 
Fig. F-6 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 29-31 August, 1 
September, 27 October 2015 - Comparison with the 2010, 2012 and 2013 survey data at the same 
cross-section 
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APPENDIX G - INSTANTANEOUS VELOCITY MEASUREMENTS DURING 
THE TIDAL BORE EVENTS (FIELD STUDY G15, 29-31 AUGUST-1 
SEPTEMBER-27 OCTOBER 2015) 
G.1 PRESENTATION 
On 29 August, 30 August, 31 August, 1 September and 27 October 2015, instantaneous velocity 
measurements were performed at a high frequency (200 Hz) prior to, during and after the afternoon 
tidal bore in the Arcins channel (France) (Table G-1). The acoustic Doppler velocimeter (ADV) 
NortekTM Vectrino+ unit was installed at the northern end (1) of a large pontoon and the 
instrumentation sampled the instantaneous velocity components about 1.00 m beneath the free-
surface (Fig. G-1). The velocity range was 2.5 m/s, the ADV was set up with a transmit length of 
0.3 mm and a sampling volume of 1.5 mm height, the sampling rate was 200 Hz and the power 
setting was High- on 29 August, 31 August, 1 September and 27 October 2015, and Low on 30 
August 2015 (Table G-1). The power setting was selected after some preliminary test, to optimise 
the acoustic backscatter response of the ADV unit with the Garonne River sediment (See Appendix 
E). 
The ADV velocity data underwent some post-processing to eliminate any erroneous and corrupted 
samples. The post processing included the removal of communication errors, the removal of 
average signal to noise ratio data less than 5 dB and the removal of average correlation values less 
than 60%. In addition the signal was despiked using the phase-space thresholding technique 
developed by GORING and NIKORA (2002) and implemented by WAHL (2003). The post-
processing was conducted with the software WinADVTM version 2.030. The percentage of good 
samples ranged between 60 and 90% for the entire data sets (Table G-1). 
In addition, surface velocities were recorded on the channel centreline before and after the tidal 
bore. All the experimental results are presented in the next sections. 
 
                                                 
1 The Arcins channel is roughly aligned North-South. The northern direction corresponds to the downstream 
direction. 
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Fig. G-1 - Un-distorted dimensioned sketch of the ADV mounting, sampling volume location and 
water surface less than 5 minutes prior to the tidal bore on 19 August 2015 - Left: view from Arcins 
Island - Right: looking upstream 
 
Table G-1 - Observations of the tidal bore in the Arcins channel, Garonne River (France) 
 
Hydrodynamic feature(s) / ADV setting(s) 28 Aug. 
2015 
29 Aug. 
2015 
30 Aug. 
2015 
31 Aug. 
2015 
1 Sept. 
2015 
27 Oct. 
2015 
Tidal range (m): (1) 5.44 5.85 6.17 6.22 6.04 6.32 
Tidal bore at sampling location: No Yes Yes Yes Yes Yes 
Garonne Rive bore entering the southern 
end of Arcins channel: 
N/A Yes Yes Yes Yes Yes 
Standing wave during bore collision: N/A No Yes Yes Yes Yes 
Backward bore travelling downstream in 
the Arcins channel 
N/A No Yes Yes Yes Yes 
Angle (2) between ebb flow and early flood 
tide flow mean directions (): 
N/A +160.6 +167.0 +175.1 +158.4 +152.2
Sampling rate (Hz): -- 200 200 200 200 200 
Velocity range (m/s): -- 2.5 2.5 2.5 2.5 2.5 
Transmit length (mm): -- 0.3 0.3 0.3 0.3 0.3 
Sampling volume height: (mm):  1.5 1.5 1.5 1.5 1.5 
ADV power setting: -- High- Low High- High- High- 
Percentage of good samples: -- 79% 63% 89% 60% 85% 
Issue with generator stoppages: -- Minor Major Minor Minor Minor 
 
Notes: (1): measured at Bordeaux; (2): positive in the anticlockwise direction, viewed in elevation. 
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G.2 EXPERIMENTAL RESULTS ON SATURDAY 29 AUGUST 2015 
 
 
 
Fig. G-2 - Water depth, instantaneous velocity and low-pass filtered (VITA) velocity as functions of 
time during the Arcins channel tidal bore on 29 August 2015 for the entire data set - Comparison 
between ADV data (sampling rate: 200 Hz) and surface velocity data 
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Fig. G-3 - Details of instantaneous velocity components as functions of time during the Arcins 
channel tidal bore on 29 August 2015 about the passage of the tidal bore 
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G.3 EXPERIMENTAL RESULTS ON SUNDAY 30 AUGUST 2015 
 
 
 
Fig. G-4 - Water depth, instantaneous velocity and low-pass filtered (VITA) velocity as functions of 
time during the Arcins channel tidal bore on 30 August 2015 for the entire data set - Comparison 
between ADV data (sampling rate: 200 Hz) and surface velocity data 
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(A) About the passage of the tidal bore 
 
(B) About the passage of the 'backward' bore 
Fig. G-5 - Details of instantaneous velocity components as functions of time during the Arcins 
channel tidal bore on 30 August 2015 about the passage of the tidal bore and of the 'backward' bore 
- Note different horizontal and vertical axis scales between Figures G-5A and G-5B 
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G.4 EXPERIMENTAL RESULTS ON MONDAY 31 AUGUST 2015 
 
 
 
Fig. G-6 - Water depth, instantaneous velocity and low-pass filtered (VITA) velocity as functions of 
time during the Arcins channel tidal bore on 31 August 2015 for the entire data set - Comparison 
between ADV data (sampling rate: 200 Hz) and surface velocity data 
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(A) About the passage of the tidal bore 
 
(B) About the passage of the 'backward' bore 
Fig. G-7 - Details of instantaneous velocity components as functions of time during the Arcins 
channel tidal bore on 31 August 2015 about the passage of the tidal bore and of the 'backward' bore 
- Note different horizontal and vertical axis scales between Figures G-7A and G-7B 
 
G-9 
G.5 EXPERIMENTAL RESULTS ON TUESDAY 1 SEPTEMBER 2015 
 
 
 
Fig. G-8 - Water depth, instantaneous velocity and low-pass filtered (VITA) velocity as functions of 
time during the Arcins channel tidal bore on 1 September 2015 for the entire data set - Comparison 
between ADV data (sampling rate: 200 Hz) and surface velocity data 
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(A) About the passage of the tidal bore 
 
(B) About the passage of the 'backward' bore 
Fig. G-9 - Details of instantaneous velocity components as functions of time during the Arcins 
channel tidal bore on 1 September 2015 about the passage of the tidal bore and of the 'backward' 
bore - Note different horizontal and vertical axis scales between Figures G-9A and G-9B 
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G.6 EXPERIMENTAL RESULTS ON TUESDAY 27 OCTOBER 2015 
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Fig. G-10 - Water depth, instantaneous velocity and low-pass filtered (VITA) velocity as functions 
of time during the Arcins channel tidal bore on 27 October 2015 for the entire data set - Comparison 
G-12 
between ADV data (sampling rate: 200 Hz) and surface velocity data 
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(A) About the passage of the tidal bore 
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(B) About the passage of the 'backward' bore 
Fig. G-11 - Details of instantaneous velocity components as functions of time during the Arcins 
channel tidal bore on 27 October 2015 about the passage of the tidal bore and of the 'backward' bore 
- Note different horizontal and vertical axis scales between Figures G-11A and G-11B 
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APPENDIX H - UNSTEADY TURBULENT REYNOLDS STRESSES DURING 
THE TIDAL BORE EVENTS (FIELD STUDY G15, 29-31 AUGUST-1 
SEPTEMBER 2015-27 OCTOBER 2015) 
H.1 PRESENTATION 
Detailed velocity measurements were performed at a high frequency (200 Hz) prior to, during and 
after the afternoon tidal bores on 29-31 August and 1 September 2015 in the Arcins channel, 
Garonne River. The acoustic Doppler velocimeter (ADV) unit was installed at the downstream end 
of a large pontoon and the instrument sampled the turbulent velocity components at 1.0 m beneath 
the free-surface. The ADV velocity range was 2.5 m/s, the transmit length was 0.3 mm, the 
sampling volume was 1.5 mm high, and the sampling rate was 200 Hz. The power setting was 
High- on 29 August, 31 August and 1 September 2015, and Low on 30 August 2015 (Table F-1). 
The ADV velocity data underwent some post-processing to eliminate any erroneous and corrupted 
samples. The post processing included the removal of communication errors, the removal of 
average signal to noise ratio data less than 5 dB and the removal of average correlation values less 
than 60%. In addition the signal was despiked using the phase-space thresholding technique 
developed by GORING and NIKORA (2002) and implemented by WAHL (2003). The post-
processing was conducted with the software WinADVTM version 2.030. The percentage of good 
samples ranged between 60 and 90% for the entire data sets (Table F-1). 
A turbulent Reynolds stress is equal to the product of two velocity fluctuations times the fluid 
density, where a turbulent velocity fluctuation is the deviation of the instantaneous velocity from a 
low-pass filtered velocity component, also called the variable interval time average VITA (PIQUET 
1999, CHANSON and DOCHERTY 2012). The low-pass filtering was based upon a upper cut-off 
frequency Fcutoff which was derived based upon a sensitivity analysis conducted between an upper 
limit of the filtered signal and a lower limit corresponding to a period of about 0.8-1.0 s of the bore 
undulations. The results yielded an optimum threshold of Fcutoff = 2 Hz, and the filtering was applied 
to all velocity components. In previous field and laboratory studies of undular bores, KOCH and 
CHANSON (2009), CHANSON et al. (2011), CHANSON and DOCHERTY (2012) and 
REUNGOAT et al. (2014,2015) selected a cutoff period 1/Fcutoff between the undulation period and 
half the undulation period of the tidal bore: the same principle was applied to the present study. 
Prior to filtering, all erroneous data points were replaced by linear interpolation between the end 
points of the removed data interval. The same filtering was applied to all velocity components, and 
the turbulent Reynolds stresses were calculated from the high-pass filtered velocity signals. 
The experimental results are presented in the next sections, in terms of the time-variations of 
instantaneous turbulent shear stresses. 
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H.2 EXPERIMENTAL RESULTS ON SATURDAY 29 AUGUST 2015 
H.2.1 Normal Reynolds stresses 
 
 
 
H-3 
 
H.2.2 Tangential Reynolds stresses 
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H.3 EXPERIMENTAL RESULTS ON SUNDAY 30 AUGUST 2015 
H.3.1 Normal Reynolds stresses 
 
 
 
H-5 
 
H.3.2 Tangential Reynolds stresses 
 
 
 
H-6 
H.4 EXPERIMENTAL RESULTS ON MONDAY 31 AUGUST 2015 
H.4.1 Normal Reynolds stresses 
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H.4.2 Tangential Reynolds stresses 
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H.5 EXPERIMENTAL RESULTS ON TUESDAY 1 SEPTEMBER 2015 
H.5.1 Normal Reynolds stresses 
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H.5.2 Tangential Reynolds stresses 
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H.6 EXPERIMENTAL RESULTS ON TUESDAY 27 OCTOBER 2015 
H.6.1 Normal Reynolds stresses 
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H.6.2 Tangential Reynolds stresses 
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APPENDIX I - BATHYMETRIC SURVEY OF THE ARCINS CHANNEL, 
GARONNE RIVER DURING THE FIELD STUDY G15 (29-31 AUGUST-1 
SEPTEMBER-27 OCTOBER 2015) 
I.1 PRESENTATION 
The field investigation G15 was conducted in the Arcins channel of the Garonne River (France), 
close to Lastrene, at the same site previously used by CHANSON et al. (2011), REUNGOAT et al. 
(2014,2015) and KEEVIL et al. (2015). The Arcins channel is located between the Arcins Island 
and the right bank; it is 1.8 km long, 70 m wide and about 1.1 to 2.5 m deep at low tide. The 
following section presents the cross-sectional surveys recorded on 29 August, 30 August, 31 
August, 1 September and 27 October 2015, with z being the vertical elevation in m NGF IGN69 (1). 
The 2015 surveys were conducted at the same cross-section as for the 2010, 2012 and 2013 surveys. 
The data are compared with previous bathymetric survey data at the same location in the last section 
(2). 
The bathymetric data indicated a progressive siltation of the Arcins channel at the sampling site 
with: 
- a progressive siltation of channel since 2012; 
- some siltation of the right bank between 2013 and 2015; and 
- a lack of 2015 survey data close to the right bank (i.e. towards the island). 
 
                                                 
1 The NGF IGN69 Datum is 1.84 m above the datum of the Bordeaux tidal gauge. 
2 For completeness, the calculations of 2015 survey data and re-calculations of 2013 bathymetry data were 
consistently higher than the 2010, 2012 and 2013 original calculations. In particular the re-calculations of 
2013 survey data (19 Oct. 2013) were systematically 1.768 m ±2 mm above the original calculations, this 
difference of 1.768 m being independent of the distance from the pylon and of the time. After careful 
considerations, all the 2015 calculations were translated by -1.768 m. 
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I.2 OBSERVATIONS 
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Fig. I-1 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 29 August 2015 - 
Comparison with the 2013 survey data at the same cross-section - Water levels immediately before 
and after bore front are shown (29 August 2015) as well as ADV control volume before bore (black 
square) 
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I.3 COMPARISON WITH PREVIOUS BATHYMETRIC SURVEY OBSERVATIONS 
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Fig. I-2 - Surveyed (distorted) cross-section looking upstream (i.e. South) on 29-31 August, 1 
September, 27 October 2015 - Comparison with the 2010, 2012 and 2013 survey data at the same 
cross-section 
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APPENDIX I - TURBULENT EVENT ANALYSIS OF MOMENTUM AND 
SUSPENDED SEDIMENT FLUXES 
I.1 PRESENTATION 
In a turbulent flow, a turbulent event is defined to occur when a series of turbulent fluctuations 
exceed the average turbulent fluctuations within a studied time span (KLINE et al. 1967, RAO et al. 
1971). The methodology to detect a turbulent event herein followed the technique proposed by 
NARASIMHA et al. (2007) in the atmospheric boundary layer flows, and it is described in details 
in Section 6. This appendix contains the full results of the analyses, performed on the momentum 
fluxes vx×vy and vx×vz, and suspended sediment concentration fluxes vx×ssc and vz×ssc, measured 
on 29, 31 August and 27 October 2015 in the Arcins channel, Garonne River (France). Table I-1 
presents a statistical summary of the turbulent event analyses for the above fluxes, in terms of three 
different flow phases (before, during and after the tidal bore passage). Figures I-1 to I-6 show 
normalised probability density functions of the event durations and amplitudes. Figures I-7 to I-9 
present the relationship between the event amplitude and event duration. Figures I-10 to I-12 
illustrate the normalised probability density functions of the dimensionless event magnitudes. All 
results were analysed over the entire sampling durations. 
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Table I-1 - Statistical properties of turbulent events during the late ebb tide flow, very early flood tide and flood tide phases on 29, 31 August and 27 
October 2015 for the momentum fluxes vx×vz and vx×vy and suspended sediment concentration flux vz×ssc and vx×ssc 
 
Date 29/08/2015 31/08/2015 27/10/2015 
Total sampling duration (s) 13583 10835 9861 
Initial water depth (m) 1.685 1.12 1.24 
Tidal bore Froude number Fr1 1.18 1.7 1.33 
 vxvz vxvy vz×ssc vx×ssc vxvz vxvy vz×ssc vx×ssc vxvz vxvy vz×ssc vx×ssc 
Total  number of events 242,917 280,855 308,464 322,778 201,619 268,921 271,955 283,966 214,386 240,216 239,628 246,582 
Initial flow conditions(1)          
Median event amplitude 2.7 2.84 4.24 4.37 2.29 3.88 4.26 4.36 2.29 2.11 3.48 3.22 
Standard deviation of event amplitude 653.62 692.96 6405.65 16522.63 2269.09 1893.42 3732.49 2256.61 245.98 581.89 533.41 283.97 
Median event duration (s) 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 
Standard deviation of event duration 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 
Very early flood tide (Tbore+20s) (2)             
Median event amplitude 2.99 3.65 4.23 4.12 2.24 2.32 2.68 2.59 2.88 3.52 4.19 4.94 
Standard deviation of event amplitude 2658.54 286.54 711.82 72.23 305.61 94.55 517.85 138.47 229.26 143.12 179.72 86.89 
Median event duration (s) 0.01 0.01 0.01 0.01 0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.01 
Standard deviation of event duration 0.01 0.01 0.01 0.01 0.06 0.03 0.04 0.04 0.01 0.01 0.01 0.01 
Flood tide (Tbore+3600s) (3)             
Median event amplitude 2.67 2.6 2.89 3 3.26 3.82 4.2 4.31 3.45 3.73 4.34 4.47 
Standard deviation of event amplitude 2135.48 504.53 310.12 8647.76 507.38 3464.41 2153.2 1100.79 486.86 805.98 2309.77 1328.51 
Median event duration (s) 0.03 0.03 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Standard deviation of event duration 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
 
Notes: (1): calculated based upon the first 10,000 to 60,000 events measured before the bore passage; (2): calculated based upon the first 600 events 
after the rapid rise of the free-surface (approximately 20 s after bore passage); (3): calculated based upon the first 32,000 events at 3600 s after bore 
passage. 
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I.2 RESULTS 
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(C) Event duration (s)
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(D) Event duration (s)
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Fig. I-1 – Normalised probability density functions of event duration for the momentum fluxes (A) 
vx×vz, (B) vx×vy and suspended sediment flux (C) vz×ssc and (D) vx×ssc on 29 August 2015 
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(B) Event duration (s)
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(C) Event duration (s)
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(D) Event duration (s)
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Fig. I-2 – Normalised probability density functions of event duration for the momentum fluxes (A) 
vx×vz, (B) vx×vy and suspended sediment flux (C) vz×ssc and (D) vx×ssc on 31 August 2015 
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(B) Event duration (s)
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(C) Event duration (s)
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(D) Event duration (s)
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Fig. I-3 – Normalised probability density functions of event duration for the momentum fluxes (A) 
vx×vz, (B) vx×vy and suspended sediment flux (C) vz×ssc and (D) vx×ssc on 27 October 2015 
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(B) Event amplitude
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(C) Event amplitude
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(D) Event amplitude
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Fig. I-4 – Normalised probability density functions of event amplitude for the momentum fluxes 
(A) vx×vz, (B) vx×vy and suspended sediment flux (C) vz×ssc and (D) vx×ssc on 29 August 2015 
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(B) Event amplitude
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(C) Event amplitude
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Fig. I-5 – Normalised probability density functions of event amplitude for the momentum fluxes 
(A) vx×vz, (B) vx×vy and suspended sediment flux (C) vz×ssc and (D) vx×ssc on 31 August 2015 
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(C) Event amplitude
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Fig. I-6 – Normalised probability density functions of event amplitude for the momentum fluxes 
(A) vx×vz, (B) vx×vy and suspended sediment flux (C) vz×ssc and (D) vx×ssc on 27 October 2015 
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Fig. I-7 – Relationship between event amplitude and event duration for the momentum fluxes (A) 
vx×vz, (B) vx×vy, (C) suspended sediment concentration flux vz×ssc and (D) vx×ssc on 29 August 
2015 
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Fig. I-8 – Relationship between event amplitude and event duration for the momentum fluxes (A) 
vx×vz, (B) vx×vy, (C) suspended sediment concentration flux vz×ssc and (D) vx×ssc on 31 August 
2015 
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Fig. I-9 – Relationship between event amplitude and event duration for the momentum fluxes (A) 
vx×vz, (B) vx×vy, (C) suspended sediment concentration flux vz×ssc and (D) vx×ssc on 27 October 
2015 
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(C) Magnitude m
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Fig. I-10 – Normalised probability density function of dimensionless event magnitude m for the 
momentum fluxes (A) vx×vz, (B) vx×vy, (C) suspended sediment concentration flux vz×ssc and (D) 
vx×ssc on 29 August 2015 
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(B) Magnitude m
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(C) Magnitude m
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Fig. I-11 – Normalised probability density function of dimensionless event magnitude m for the 
momentum fluxes (A) vx×vz, (B) vx×vy, (C) suspended sediment concentration flux vz×ssc and (D) 
vx×ssc on 31 August 2015 
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(B) Magnitude m
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(C) Magnitude m
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Fig. I-12 – Normalised probability density function of dimensionless event magnitude m for the 
momentum fluxes (A) vx×vz, (B) vx×vy, (C) suspended sediment concentration flux vz×ssc and (D) 
vx×ssc on 27 October 2015 
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APPENDIX J - TURBULENT EVENT ANALYSIS OF NORMAL REYNOLDS 
STRESS FLUX 
J.1 PRESENTATION 
The turbulent event analysis was conducted on normal Reynolds stress flux vx×vx measured on 29 
August, 31 August and 27 October 2015. As the normal stress flux is always positive, the traditional 
methodology of turbulent event analysis described in Section 6 is not applicable. A slightly 
different methodology was adopted herein. For normal Reynolds stress flux, an event is defined to 
occur when: 
 q'kq   (J-1) 
where q is the instantaneous fluctuation q of the normal stress (i.e. vx×vx), k is a positive constant 
setting the threshold (k = 1 for the present study) and q' is the standard deviation of the flux. The 
instantaneous fluctuation q is calculated as q = vx×vx -  v×v xx , where  v×v xx  is the low-pass 
filtered normal stress component. The standard deviation of the flux q' follows the same definition 
as in Section 6. When q is less than or equal to 0, an event cannot occur. When q is greater than 
zero, the detection of turbulent event is defined using Equation (J-1). After an event occurrence is 
determined, its amplitude, duration and dimensionless magnitude are calculated as described in 
Section 6. Figure J-1 illustrates the definition of event amplitude and duration for the normal stress 
flux q = vx×vx -  v×v xx . 
 
 
Fig. J-1 – Turbulent flux event definitions and normal stress flux data collected by the ADV system 
on 29 August 2015 – Data highlight two turbulent events. 
 
J-2 
J.2 RESULTS AND DISCUSSIONS 
Figure J-2 shows the normalised probability density functions of event durations for normal stress 
flux measured on the three days. The histogram intervals are 0.001 s. The results highlighted a 
range of event durations from 0 up to a maximum of 2 s, with 99.9% of event durations less than 
0.04 s. Compared to results in terms of tangential stress fluxes and suspended sediment fluxes, the 
event duration of normal stress flux was significantly shorter in terms of range and percentile. The 
maximum probability density was found to be associated with event duration of 0.008 s, which was 
less than 0.01 s. This was consistent with results of tangential stress fluxes and suspended sediment 
fluxes. The linear decrease in the log-log PDF was also observed in the event duration of normal 
stress flux, however within a narrower range (0.03 s to 0.1 s). 
The probability density functions of the event amplitude for normal stress fluxes are shown in 
Figure J-3. For all field study dates, the PDF of event amplitude highlighted a left-skewed single-
model distribution, tailing in the direction of increasing amplitude. The modes of the PDFs 
corresponded to an event amplitude A (1) between 0.4 and 0.6, with highest probability of 6% to 
8%. The range of event amplitude was between 0 and 16: that is, a few orders of magnitude smaller 
than the results in terms of the tangential stress and suspended sediment fluxes. Despite the 
difference in amplitude range, the shapes of the PDFs for normal and tangential stress fluxes were 
comparable in regions with positive amplitude. 
                                                 
1 The event amplitude definition is given in Equation (6-2) (Section 6). 
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Fig. J-2 - Normalised probability density functions of event duration for the normal stress flux 
vx×vx on (A) 29 August, (B) 31 August and (C) 27 October, 2015 
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Fig. J-3 - Normalised probability density functions of event amplitude for the normal stress flux 
vx×vx on (A) 29 August, (B) 31 August and (C) 27 October, 2015 
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The relationship between event amplitude and duration for normal stress flux showed similar trends 
with that of tangential stress and suspended sediment fluxes (Fig. J-4). With event durations less 
than 0.01 s, the event amplitude showed a parabolic increase with increasing event duration. For 
events with durations longer than 0.01 s, the event amplitude tended to decrease with increasing 
duration. For long event durations (> 0.08 s), the event amplitude showed a more concentrated data 
scatter around a constant value, which ranged from 0.65 to 0.77 for different days. Very large event 
amplitudes up to 16 were observed to be associated with event durations around 0.01 s, similar to 
the results of tangential stress and suspended sediment fluxes. 
Time variations of event duration of normal stress flux measured on 29 and 31 August 2015 showed 
some tidal trend. Long duration events were observed shortly after the passage of the bore (Fig. J-
5). On 29 and 31 August, the longest turbulent events occurred simultaneously with the rapid 
increase in magnitude |qs| in suspended sediment flux per unit area and the rapid increase in 
suspended sediment concentrations which followed the tidal bore passage. Similar trends were also 
observed in the time-variations of event durations of tangential stress and suspended sediment 
fluxes. The results suggested a marked correlation between the sediment erosion and turbulent 
bursting processes associated with a tidal bore propagation. Note that the event amplitude before the 
bore passage was overall higher than after the bore passage, for all dates studied. 
The statistical summary of event amplitude and duration at different phases throughout the tidal 
bore event is presented in Table J-1. Three different phases were analysed: the initial flow phase (or 
late ebb flow) defined as the flow period immediately prior to the bore arrival, the very early flood 
tide phase defined as the rapid-varying flow period about 20 s after the bore passage, and the flood 
tide phase defined as the gradually-varying flow period about one hour after the tidal bore passage. 
The statistics were time-averaged for each phase. 
J-6 
(A)  
(B)  
(C)  
Fig. J-4 - Relationship between event amplitude and event duration for the normal stress flux vx×vx 
on (A) 29 August, (B) 31 August and (C) 27 October, 2015 - The horizontal thick dashed black lime 
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is the limit when the event duration is large than 0.06-0.08 s 
 
Time (s) since 00:00 on 29 August 2015
Ev
en
t d
ur
at
io
n 
(s
), 
W
at
er
 d
ep
th
0
.1
 (m
)
q s
 (k
g/
m
2 /s
), 
SS
C
 (k
g/
m
3 )
59000 59400 59800 60200 60600 61000 61400 61800 62200 62600 63000
0 -300
0.05 -250
0.1 -200
0.15 -150
0.2 -100
0.25 -50
0.3 0
0.35 50
0.4 100
0.45 150
0.5 200
duration qs SSC [VITA 2 Hz] Depth
 
(A) Event duration 
Time (s) since 00:00 on 29 August 2015
Ev
en
t a
m
pl
itu
de
, W
at
er
 d
ep
th
5
0 
(m
)
q s
 (k
g/
m
2 /s
), 
SS
C
 (k
g/
m
3 )
59000 59400 59800 60200 60600 61000 61400 61800 62200 62600 63000
0 -320
2 -240
4 -160
6 -80
8 0
10 80
12 160
14 240
16 320
18 400
20 480
amplitude qs SSC [VITA 2 Hz] Depth
 
(B) Event amplitude 
Fig. J-5 – Time series of event duration and amplitude for the normal stress flux vx×vx on 29 August 
2015- Comparison with water depth, low-pass filtered SSC and suspended sediment flux per unit 
area qs 
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Table J-1 - Statistical properties of turbulent events during the late ebb tide flow, very early flood 
tide and flood tide phases on 29 August, 31 August and 27 October 2015 for the normal stress flux 
vx×vx 
 
Date 29/08/2015 31/08/2015 27/10/2015 
Total sampling duration (s) 13,583 10,835 9,861 
Initial water depth (m) 1.685 1.12 1.24 
Froude number Fr1 1.18 1.7 1.33 
Flux component: vx×vx vx×vx vx×vx 
Total number of events 286,598 245,703 258,167 
Initial flow conditions (1)    
Median event amplitude 1.206 1.188 1.06 
Standard deviation of event amplitude 1.372 1.257 1.01 
Median event duration (s) 0.009 0.009 0.009 
Standard deviation of event duration 0.005 0.005 0.008 
Very early flood tide (Tbore+20s) (2)    
Median event amplitude 1.011 1.073 0.965 
Standard deviation of event amplitude 0.952 1.171 1.012 
Median event duration (s) 0.008 0.015 0.008 
Standard deviation of event duration 0.004 0.015 0.004 
Flood tide (Tbore+3600s) (3)    
Median event amplitude 0.907 0.914 0.885 
Standard deviation of event amplitude 0.831 0.912 0.888 
Median event duration (s) 0.015 0.009 0.008 
Standard deviation of event duration 0.011 0.005 0.004 
 
Notes: (1): calculated based upon the first 40,000 to 60,000 events measured before the bore 
passage; (2): calculated based upon the first 600 events after the rapid rise of the free-surface 
(approximately 20 s after bore passage); (3): calculated based upon the first 32,000 events at 3600 s 
after bore passage. 
 
Overall, there were approximately 20 events detected per second for normal stress flux vx×vx for all 
field studies dates: that is, a result close to tangential stress and suspended sediment flux data. 
However, both the median event amplitude and duration for normal stress flux were smaller than 
those for tangential stress and suspended sediment fluxes. The median event amplitudes in the 
initial and early flood tide phases were between 1 and 1.5, which were approximately half of the 
results for the tangential stress fluxes, albeit with the same order of magnitude. During the flood 
tide phase, the median event amplitude of normal stress flux was between 0.8 and 1, which was less 
than the amplitudes during the two earlier phases for all studied dates. This was different from the 
observations in the tangential stress and suspended sediment fluxes, which suggested lowest event 
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amplitude in the early flood tide phase. Significantly smaller fluctuations in event amplitude, 
marked by standard deviation ranging from 0.8 to 1.5, were seen in the normal stress flux data. The 
standard deviation was of the same order of magnitude as the median in all phases. The median 
event duration and its standard deviation were of the same order of magnitude, i.e. between 0.005 s 
to 0.01 s. The values were close but overall smaller than the results for tangential stress and 
suspended sediment fluxes. 
Further analyses were carried out on normal stress flux during three different flow phases in a tidal 
bore event: the initial flow phase, very early flood tide phase and flood tide phase. The probability 
density functions of event duration and amplitude during these three phases were studied. Typical 
results were presented in Figures J-6 and J-7. The results demonstrated self-similarities in shapes 
and magnitudes for the PDFs for event amplitude and duration of normal stress flux during the 
initial quasi-steady flow and the late flood tide phase long after the bore passage (Fig. J-6A and J-
6C, Fig. J-7A and J-7C). During the early flood tide phase immediately after the bore passage, the 
PDF of event duration showed comparable shape to that of the other two phases, but also 
highlighted longer events (0.03 s to 0.1 s) with higher probability (between 0.1% and 1.5%) (Fig. J-
6B). For the same range of event duration in the initial and late flood tide phases, the associated 
probability was 0.3% or less in general. The PDF of event amplitude during the early flood tide 
showed similar shape, namely a left-skewed single-mode distribution, as that of the entire sampling 
duration and other phases (Fig. J-7B). High probabilities were seen at higher event amplitudes 
between 2.1 and 2.4. Overall, the findings suggested concentrated occurrences of events with longer 
durations and larger amplitudes during the early flood tide phase immediately following the passage 
of the bore. 
The normalised probability density functions of dimensionless event magnitude for normal stress 
flux are presented in Figure J-8 for all field study dates. The PDFs showed consistent results for 
data collected on all days: that is, log-normal distributions with strong left-skewness (skewness ~ 
2). The mode of magnitude PDF ranged from 0.003 to 0.005 between different field study dates. 
The probability of the modes ranged from 3% to 5%. The magnitude data was associated with a 
much narrower range of 0 to 0.3, and the majority of events (over 90%) were associated with 
magnitudes less than 0.1. 
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Fig. J-6 - Normalised probability density functions of event duration for the normal stress flux vxvx 
during the late ebb tide flow, very early flood tide and flood tide phases on 31 August 2015 
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(B) Event amplitude
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(C) Event amplitude
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Fig. J-7 - Normalised probability density functions of event amplitude for the normal stress flux 
vxvx during the late ebb tide flow, very early flood tide and flood tide phases on 31 August 2015 
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Fig. J-8 - Normalised probability density function of dimensionless event magnitude m for normal 
stress flux vx×vx on (A) 29 August, (B) 31 August and (C) 27 October 2015 (histogram interval 
equals 0.001) 
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J.3 CONCLUDING REMARKS 
Turbulent event analysis was performed on normal Reynolds stress flux vx×vx measured on the 29 
August, 31 August and 27 October 2015. The analysis used a slightly modified methodology from 
that used in the turbulent event analysis for tangential stress and suspended sediment fluxes, and 
yielded some different results. The key differences between the turbulent event data for normal 
stress flux and tangential stress fluxes are summarised below: 
- For normal stress flux, all events are positive by definition. Therefore, the PDF of event amplitude 
showed a single-model left-skewed distribution, compared to the bi-model distribution shown by 
the tangential stress fluxes. 
- Drastically smaller instantaneous event amplitudes and amplitude fluctuations were observed for 
normal stress flux. The values were orders of magnitude lower than those of the tangential stress 
fluxes. 
- The relationship between event amplitude duration for normal stress flux showed some trend. 
Above an event duration threshold (0.06 to 0.08 s), all turbulent events were associated with a 
constant amplitude A = 0.6 to 0.8 regardless of the event duration. 
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